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This dissertation explores the effect of processing and environmental
conditions on the mechanical performance of photoresist coatings. Characterization

of the mechanical performance included a comparison of the

state

of stress with the

strength of the coating. Various techniques were compiled and developed to explore
the effect of processing and environmental parameters on the state of stress and

mechanical properties.

Techniques used

temperature changes, swelling, or curing

to

determine the stress as a function of

(UV

or thermal) were: vibrational

holographic interferometry, thermal mechanical analysis (constant

strain) as a function

of temperature and ultraviolet dosage, and a newly developed technique, membrane
deflection.
It

The mechanical

was found

stress (3 to 10

MPa). The

were examined using standard

tensile tests.

residual
that a thermal or ultraviolet cure resulted in a significant

MPa). This

stress

properties

stress

was found

to

was compared

to the strength of the coating (20

be a result of cooling the sample following cure.

-

40

A

in a decrease in the final
reduction in the temperature experienced during cure resulted
carried out above the glass transition, did
stress. This reduction in cure temperature, if

not result in a decrease in the mechanical properties.
It

was

a function of
also established that the stress increased linearly as

function of temperature was
decreasing the temperature. The stress increase as a
MPa at -65°C. It was
determined to be -0.32 MPa/°C, with the stress reaching over 45

established that the coatings followed a

maximum normal

stress failure criterion; that

is,

failure occurred

when

the 2-dimensional coating stress equaled the ultimate

strength.
It

was

also illustrated that the stress due to thermal shock

than stresses measured during a slow equilibrium cool.

was used
It

to describe this

was

also

shown

was 10

-

30

% higher

A model using linear elasticity

phenomenon.
that swelling the photoresist coatings with water

isopropanol resulted in a complete reduction in the

was recovered.

vi

stress.

Upon

and

drying, this stress

TABLE OF CONTENTS

Page

ACKNOWLEDGMENTS

iv

ABSTRACT

v

LIST OF TABLES

xii

LIST OF FIGURES

xiii

Chapter

L

INTRODUCTION AND BACKGROUND

1

Introduction

1

Overview

Dissertation

2

Background

3

Photoresist Coatings

4

The

6

State of Stress and Mechanical Properties of Coatings

7

Stress in Coatings

Determination of Residual Stress

11

Determination of Mechanical Properties

14

Effect of Cure on Mechanical Properties

16

Mechanical Performance: Comparison Between
Stress

and Strength

References

24
26

EXPERIMENTAL APPROACH AND TECHNIQUES

31

Introduction

31

Material Description

32

Sample Preparation and Coating Processing

33

Tensile Tests to Determine die Mechanical Properties

37

Residual Stress

38

Conclusions

2.

18

Vibrational Holographic Interferometry

38

A Membrane Deflection Technique to
Determine Residual Stress

vii

42

Determination of the Influence of Cure on the State of Stress
Material Properties

3.

Pa ge
49
51

Impulse Viscoelastic Technique to Determine the
Apparent Equilibrium Modulus

54

Determination of the Coefficient of Thermal Expansion

55

Conclusions

55

References

56

MECHANICAL CHARACTERIZATION

58

Introduction

58

Experimental

58

Sample Preparation

59

Experimental Techniques

59

Mechanical Characterization During Processing

59

Effect of Processing on the Mechanical Properties and

60

the State of Stress

The

effect of Soldering

Temperatures on the State of Stress

and Mechanical Properties

63

Determination of the Effect of Substrate Material on

65

the State of Stress

Determination of the Effect of Processing on the Coefficient
of Thermal Expansion

Determination of Poisson's Ratio

4.

66
69

Conclusions

71

References

72

A MECHANICAL ANALYSIS OF THERMAL AND
ULTRAVIOLET CURING

73

Theory

73
74

Experimental

75

Introduction

Stress-Temperature Measurements

Stress-UV Measurements

viii

75
76

Page
76
77
77

Vibrational Holographic Interferometry

Material Properties
Materials and Sample Preparation
Effect of

Thermal Cure on

the State of Stress

Cure Schedule: Lithography Only
Cure Schedule: Lithography Followed by

77

78
Ultraviolet

Cure

81

Thermal Cure on the Dimensional Changes
Effect of UV Cure on the State of Stress
Effect of

88

93

Cure Schedule: Lithography Only
Cure Schedule: Lithography Followed by Thermal Cure
Effect of

5.

UV Dosage on the State of Stress

93
98
104

Effect of Ultraviolet Curing on the Dimensional Changes

108

Conclusions

108

References

113

THE EFFECT OF ULTRAVIOLET CURING TEMPERATURE ON
THE STATE OF STRESS AND MECHANICAL PROPERTIES OF
PHOTORESISTS

116

Introduction

1

Experimental

117

16

Ultraviolet Curing at Various Temperatures

117

Determination of Residual Stress and Mechanical Properties

119

Sample Preparation

1

19

Effect of Ultraviolet Curing Temperature on the State of Stress and

Mechanical Properties of Photoresist with a Dual Cure
Effect of Room Temperature Ultraviolet Cure on Photoresist Coatings
with a Single

UV Cure

120
125

Conclusions
^^'^

References

6.

THE INFLUENCE OF SUB-AMBIENT TEMPERATURES ON
THE STATE OF STRESS AND MECHANICAL PROPERTIES

136

Introduction
^^'^

Experimented

ix

Page

A Membrane Deflection Technique to Determine

Stress

Tensile Tests to Determine Mechanical Properties

The Influence of Temperature on

the Mechanical Performance

Determination of the State of Stress

at

at

Sub-Ambient

Temperatures

141

Comparison of the Residual

Stress

and the Ultimate Strength

8.

148

UV Cure Temperature on the Sub- Ambient
157

Stress Temperature Behavior

7.

139

139

Determination of the Mechanical Properties

Effect of

138

Sub-Ambient

Temperatures

The

137

Conclusions

167

References

168

A COMPARISON BETWEEN EQUILIBRIUM COOLING AND
THERMAL SHOCK

169

Introduction

169

Theory

170

Experimental

171

Experimental Evidence of Thermal Shock
Prediction of Thermal Shock as a Function of Temperature

172

Conclusion

1^^

References

1^^

THE INFLUENCE OF SOLVENTS ON THE STATE OF STRESS

183

175

Introduction

Membrane
in a

Deflection as a Tool to Measure Stress of Coatings

Solvent

The Influence of Solvents on

the State of Stress

Conclusion

186

^

IQO

References

X

9.

CONCLUSIONS AND FUTURE WORK

191

Conclusions

191

Future

Work

196

References

199

BIBLIOGRAPHY

200

xi

LIST OF TABLES
Table

Comparison of Tensile Strength of Polyacrylates
and Polymethylmethacrylates

15

2. 1

Sample preparation technique

34

2.2

Comparison of the residual stress of various coatings
measured by membrane deflection and vibrational holographic

1

.

1

utilized for photoresist coatings

45

interferometry

2.3

Residual stress measurements utilizing

membrane

deflection with

a spherical probe, and comparison to vibrational holographic

49

interferometry

3.1

Effect of processing on the mechanical properties

and residual
3.2

62

stress

Effect of solder type temperatures on the mechanical
properties and residual stress

64

3.3

Effect of substrate on the residual stress

65

3.4

Effect of cure schedule on the thermal expansion coefficient

68

3.5

Effect of cure sequence on the Poisson's ratio

71

5. 1

Effect of cure temperature on the residual stress and

120

mechanical properties

5.2

6. 1

Comparison between the experimental residual
and the prediction from linear elasticity
Effect of

stress reduction

122

U V cure temperature on the tensile properties at

room temperature
6.2

Effect of

UV cure temperature on the tensile properties at
160

a temperature of -55°C

6.3

Effect of heating samples

UV cured at 30°C above the

glass transition temperature

xii

1^^

LIST OF FIGURES

Figure

1.1

Possible stresses in a volumetric element of a coating

1.2

Maximum

normal stress theory

20

1.3

Maximum

shear stress failure theory

21

1.4

Maximum

distortional energy theory

23

1.5

Schematic representation of the relationship between the

8

25

various failure theories

2.1

Schematic representation of the process

utilized to prepare

35

photoresist coatings for mechanical testing

tensile testing apparatus

2.2

Schematic representation of grips for

2.3

Diagram of vibrational holographic interferometry and membrane

39

41

deflection sample preparation

2.4

Schematic representation of a membrane deflection apparatus used

43

to determine stress in coatings

2.5

Schematic diagram of a spherical probe used for

stress

47

measurements using membrane deflection
2.6

Schematic diagram of apparatus

to

measure force versus

temperature

2.7

Schematic diagram of the apparatus used
function of ultraviolet dosage

to

measure

stress as a

2.8

Calibration between ultraviolet cure dosage and cure time

3. 1

Stress-Strain behavior of the polyacrylate photoresist coating
at

3.2

various cure histories

Effect of temperature on the dimensional change of a
photoresist coating

xiii

52
53

Schematic representation of the sample board used to determine

3.3

70

Poisson's ratio

Effect of temperature on the state of stress of a photoresist

4. 1

coating that has been exposed and developed: no cure has been

79

performed
4.2

Effect of thermal cure on the state of stress of a photoresist

coating that has been exposed and developed: no ultraviolet cure

80

has been performed

4.3

Effect of temperature on the stress of a photoresist coating
that has

4.4

been thermally cured

at

150°C

for

1

82

hour

Effect of thermal cure on the state of stress of a photoresist

coating that has been exposed, developed, and ultraviolet cured

83

4.5

Stress as a function of thermal curing time

84

4.6

Effect of temperature on the stress of a photoresist coating
that has

for

4.7

1

been ultraviolet cured prior

to thermally

4.9

10

150°C
85

Effect of an extended thermal cure on the state of stress of a
photoresist coating that has been exposed, developed, and
•

87

Stress as a function of extended thermal curing time

Dimensional change as a function of temperature during a thermal
cure cycle of a photoresist coating that has been exposed,

89

developed, and ultraviolet cured

4.

at

hour

ultraviolet cured

4.8

cured

Dimensional change or

strain as a function

of thermal curing time .90

4. 1 1

modulus
Effect of temperature on the apparent equilibrium
schedules ...92
determined by impulse viscoelasticity for several cure

4 12

Effect of ultraviolet curing

on

the state of stress of a

1

dimensional

94
^

1

photoresist sample

xiv

1

4.13

Effect of temperature on the state of stress of a 1-dimensional

photoresist sample that has been

UV cured during a stress-UV

experiment
4.

14

95

Effect of ultraviolet curing on the state of stress of a 1-dimensional
photoresist sample

4.

1

5

96

Effect of temperature on the state of stress of a 1-dimensional
photoresist sample that has just been

UV cured during a stress-UV
97

experiment
4.16

Comparison of a uniaxial stress-UV experiment with

the data

adjusted using linear elasticity to account for the case of a

100

2-dimensional coating on a substrate

4.

17

Effect of temperature on the dimensional change of a
photoresist sample that has been previously thermal cured followed

by a
4.

1

8

UV

Effect of temperature on the apparent equilibrium modulus of a

sample
in a

4.

19

4.20

102

cure in a stress-UV apparatus

that has

been previously thermally cured and

UV cured
103

stress-UV apparatus

Comparison between an experimental force- temperature
experiment and a prediction using incremental elasticity
Effect of applying various stresses to a sample during a

106

stress-UV experiment

4.21

105

Relationship between the stress applied prior to

UV cure to

the final stress

4.22

Effect of

1

J/cm^ increments of

UV dosage on the stress

monitored by a stress-UV experiment
J/cm^ pulses

4.23

Stress as a function of

4 24

Effect of ultraviolet cure on the uniaxial dimension of a

1

109

1

10

1 1

photoresist sample

XV

4.25

5.1

Effect of ultraviolet cure on the uniaxial dimension of a
photoresist sample

1

Schematic diagram of the three mechanisms used to reduce the
temperature during ultraviolet cure

118

12

5.2

Effect of cure temperature on the

FTIR spectrum

126

5.3

Effect of cure temperature on the

FTIR spectrum

127

5.4

Comparison of the residual stress between samples
UV cured at 150°C and 30°C

5.5

5.6

5.7

6. 1

6.2

that

129

Comparison of the ultimate strength between samples
been UV cured at 150°C and 30°C
Comparison of the modulus between samples
UV cured at 150°C and 30°C
Comparison of the ultimate
UV cured at 150 and 30°C

strain

that

have been

that

have

130

have been
131

between samples

that

have been
132

Comparison between the maximum distortional energy, maximum
normal stress, and maximum shear stress criterion for a coating with
136
a breaking strength of 40 MPa
Stress-temperature behavior of a photoresist cured with different

140

curing sequence

6.3

Effect of sub-ambient temperature on the ultimate strength of
cured prior to thermal cure
a sample that has been

UV

6.4

Effect of sub-ambient temperature on the modulus of a sample
cured prior to thermal cure
that has been

UV

6.5

143

Effect of sub-ambient temperature on the ultimate strain of
cured prior to thermal cure
a sample that has been

144

of
Effect of sub-ambient temperature on the ultimate strength
cure
a sample that has been thermally cured prior to

145

UV

6.6

142

UV

xvi

6.7

Effect of sub-ambient temperature on the modulus of a

sample
6.8

been thermally cured prior to

UV cure

that has

been thermally cured prior to

UV cure

Comparison between the ultimate strength and the

10

150

Comparison between the ultimate strength and

the stress as a

function of sub-ambient temperature

6.

1 1

151

Schematic diagram of the comparison between a normal and
152

shear stress failure criterion

6.

12

Schematic diagram

illustrating the use of

failure of tensile test

6.

13

Mohr's circle to predict
155

samples

Representation illustrating the type of failure in most tensile samples

156

of the photoresist coatings

6.

14

Stress- temperature behavior illustrating

how

a drop in stress leads

158

to a reduction in the breaking temperature

6.

15

Effect of sub-ambient temperature on the stress of photoresist

samples

6.

16

17

1

UV cured at temperatures of 220°C and

150°C

163

164

UV cured at a temperature of 30°C

166

UV cured at a temperature of 30°C

Effect of sub-ambient temperature on the stress of a photoresist
cure
sample that has been thermally cured prior to

UV

7.2

162

Effect of sub-ambient temperature on the stress of photoresist

samples

7.

150°C

Effect of sub- ambient temperature on the stress of photoresist

samples
6. 1 8

UV cured at temperatures of 220°C and

Effect of sub-ambient temperature on the stress of photoresist

samples

6.

147

stress as a

function of sub-ambient temperature

6.

146

Effect of sub- ambient temperature on the ultimate strain of a

sample
6.9

that has

photoresist
Effect of sub-ambient temperature on the stress of a
cured prior to thermal cure
sample that has been

UV

xvii

173

174

13

Plot of the ratio of the stress from a thermal shock to the equilibrium
stress as a function of temperature

176

7.4

Dimensional change as a function of temperature

178

7.5

Effect of temperature on the coefficient of thermal expansion

of a sample that has been thermally cured prior to
7.6

UV

179

Prediction of the effect of temperature on the ratio of the stress
as a result of thermal shock to the stress as a result of equilibrium

180

cooling

7.7

Comparison of the experimental stress-temperature behavior during
181
slow cooling and the predicted stress from a thermal shock

8.1

Schematic diagram of the apparatus used

to

measure

stress as a

185

function of swelling

8.2

Effect of water on the stress of a photoresist that has been cured

thermally prior to

8.3

UV

187

Effect of swelling on the state of stress of a photoresist cured

with an ultraviolet cure prior to a thermal cure

xviii

188

CHAPTER

1

INTRODUCTION AND BACKGROUND

Introduction

Photoresist coatings are widely used in the electronics industry to manufacture
circuit

boards and electronic chips. The purpose of these coatings ranges from

defining the individual elements of integrated circuit devices to the protection of a

given substrate from the harsh environmental conditions to which

To

it

may be

exposed.

carry out these functions, a photoresist coating requires two main properties.

must

first

be sensitive to energy

(e.g., ultraviolet light)

It

causing polymerization or

degradation, allowing for specific patterns to be formed in the coating. Second, the
device, which photoresist coating's service will be exposed to various processing and
application environments (e.g., high and low temperatures, high humidity, and the

presence of solvents); therefore, in order for these coatings to be effective under these
conditions, they

must have the

strength and stabiUty to withstand the harsh processing

and environmental surroundings

to

which they

will be exposed.

In a coating, the driving force for failure is the presence of residual stress.

When

a material

histories, a

is

subjected to changes in temperature, chemistry, or solvent

corresponding volumetric change

is

accompanied.

constrained, as in the case of a coating, a stress will occur.

coating will exhibit this same behavior.

mechanical failure

The

in the

If a sufficient

is

material is

A photoresist used as

amount of

form of cracking or delamination

residual stress in a coating

If the

stress develops,

will result.

not sufficient to completely characterize

mechanical performance. The mechanical

a

limit of the material, or its strength

its

must

known.

also be

In addition, since the coating will be exposed to various

environmental conditions,
properties,

i.e.,

it

is

also important to understand

how

these types of

ultimate strength, will respond to temperature or chemistry changes

during cure.
Photoresist coatings are unique in that they undergo various processing steps
that dramatically

change the form of the material

in specific regions, leaving the

bulk

of the coating unaffected. In the past, research on photoresist coatings has focused on
determination of the optimum chemical conditions to achieve higher resolution

With the increasing need

patterns and adequate chemical resistance.

density on circuit boards, this line of research has been

critical.

important to understand the mechanics of the materials as well.
to

poor properties or excessive

irrelevant.

Such

is

was

and environmental conditions on the

and the

state

If a

it

is

equally

coating fails due

the approach that this research project followed.

objective of this project

photoresists.

However,

stresses, the resolution limits of the coating are

Dissertation

The

for greater

to fully understand the effect of processing

state

With various techniques

Overview

of stress and the mechanical properties of

available, a

comparison between the strength

of stress was determined. Chapter 2 of

overview of the techniques compiled
photoresist coatings.

Many

this dissertation will

to characterize the

give an

mechanical performance of

of these techniques have been previously established;

however, various techniques were developed within the context of

this project to yield

will focus
specific information relevant to photoresist coatings. Chapter 3

on an

and mechanical
overall general mechanical characterization of the state of stress
properties at

room

temperature. Chapter 4

is

2

a presentation of an analysis of the state

of stress during thermal and ultraviolet cure, with a comparison of the stress with the

mechanical properties. The work presented
state

in chapter

4 determined that the

stress

of the coating was highly dependent upon the temperature the board experienced

during an ultraviolet cure. Chapter 5

is

a presentation of a series of experiments

illustrating the effect of ultraviolet cure temperature

mechanical properties.

in chapter 7.

The

state

of stress and

A presentation of an experimental analysis of the effect of

sub-ambient temperature on the
in chapter 6, with a

on the

state

of stress and mechanical properties

is

presented

comparison between thermal shock and equilibrium cooling given

effect of swelling

presented in chapter

8.

on the

state

of stress of the photoresist coating

is

Chapter 9 will include conclusions and the author's view

regarding future research

in the area

of mechanical performance of photoresist

coatings.
It is

the target of this dissertation to serve

two purposes.

First,

it is

understanding the effect of processing and environmental variables on the
stress

and mechanical properties

will lead to

new and novel

hoped
state

that

of

routes to improve the

performance of photoresist coatings (examples of such an approach are presented in
this thesis).

Secondly, this approach to understanding the mechanical performance

will serve as a guide in the

ongoing work of chemical design for future photoresists

and photosensitive materials.

Background

The background
categories:

(i)

relevant to this project will be divided into

a general description of photoresist coatings, and

mechanics and the comparison between residual
properties,

i.e.,

stress

coating

and mechanical

measuring techniques and past research.

3

(ii)

two

Photoresist Coatings

A description of a project related to photoresist coatings must include a
presentation of the various types of technology present today. This description will

include an overview of the various functions required of photoresist materials as well
as the different types of photoresist coatings currently available.

The

individual elements of integrated circuits are defined by a lithographic

process in which a pattern

is

generated in a resist material that

is

coated onto the

surface of a device substrate. This resist coating can then be used to transfer the
pattern to the substrate via doping or etching, or act as a solder guide and protective

coating during application [1-31.

The process of forming
application,

is

a pattern in a photoresist material, regardless of the

carried out by taking advantage of the materials sensitivity to energy.

A chemical or physical change is induced in a resist material by irradiation with a
given energy source. This allows for a differentiation between the exposed and

unexposed regions of the coating. Various lithographic technologies
the delineation of circuit features in the resist layer. Notable

conventional and

deep-UV

these are

lithography (utilizing a range of wavelengths of 300-435

nm and 220-280 nm, respectively)
[1,2],

among

are available for

and x-ray lithography

[1,2,4-91, electron

beam

[1,2,5,7-11], ion

beam

[1,2,12].

Photoresist materials can be classified under two categories: negative and
positive. If

one considers

solubility to be the property sensitive to change, a negative

resist will utilize the irradiation process to

polymerize the coating in a specific pattern,

positive
followed by removal of the unpolymerized regions. In contrast, a

resist will

regions. Removal of the
use irradiation to cause degradation of the coating in specific

degraded polymer leaves the desired

pattern.

4

Another

classification of photoresist technology is the difference

and dry film (or

liquid

between

solid) photoresists [3]. Liquid photoresists are applied to a

substrate using a variety of coating processes such as spin coating. In contrast, dry

film photoresists are prepared in film form and laminated onto the substrate. There
are

two main advantages

to using a dry film coating over a liquid.

The

first

reason

is

environmental. Since solvents are not required during the process of applying the
photoresist to the substrate, dry film photoresists are favored. Additionally, dry film
photoresists are applied in a single sheet.

complete coverage

more

is

efficient.

When

This allows for a higher resolution (<5|im), and

thus a higher density of detail on a substrate.
as

compared

liquid

applied to a complicated surface,

A

disadvantage of dry film photoresists

to liquid photoresists is the thickness limitations. Photoresists applied in

form allow

for a thinner final coating.

Another definition which
primary and secondary

is

resists [3].

important to understand

is

the difference between

In the case of a primary resist, a pattern is

on the coating for the purpose of acting as a guide for an image
onto a substrate. Following substrate processing, the
has a purpose.

mask

A

secondary

resist is

resist is applied to a finished

to

be etched or plated

removed and no longer

board and used as a solder

as well as a protective layer for the board during application,

the board throughout

its lifetime.

formed

The mechanics of secondary

and remains with

resists are critical,

but also to
since not only are these materials subject to harsh processing conditions,

extreme environmental

states during the printed wire board's lifetime.

important since mechanical failure of the coating

Many
12].

may

This

is

lead to failure of the device.

materials
reviews have been written about lithographic processes and

[1-

involved
These publications focus on describing the chemical mechanisms

during lithography.

An overview of the chemical processes which

occurring during

are explained in detail in
lithography will not be discussed here, since these processes

5

the given references.

coating

is

To summarize

the overall

theme of these

articles, a photoresist

required to meet two criteria: the material must be able to undergo a

property change

or adhesion) during irradiation in order to allow for

(e.g. solubility

the lithographic process to be successful; in addition, the material must obtain a

mechanical

stability sufficient to withstand the processing

environments.

The mechanical

stability

and application

of the coating will be of interest to this

project.

The material of interest
mask. This material
prior to

wave

is

in this

study will be a polyacrylate dry film solder

used on printed wire boards as a secondary

soldering.

The

resist

and

is

applied

photoresist acts as a guide for the applied solder and

protects portions of the board from the intense processing environments.
fact that the photoresist coating is left

on the wire board throughout

its

Due

to the

lifetime,

understanding of the mechanics will be important. These printed wire boards

an

may

experience extreme environmental conditions during the end-use application of the
printed wire board, and mechanical stability of the coating

The

is critical.

State of Stress and Mechanical Properties of Coatings

There has been a renewed emphasis on the determination of the mechanical

performance of coatings. This has been driven primarily by an increase
yielding

new and

better

ways

to test materials. In this study, the

in

technology

term mechanical

performance will be defined as the comparison between two main categories:
determination of the state of

Much of the

stress,

and

technology available in

(ii)

(i)

the mechanical properties, e.g. strength.

this field

study of photoresist coatings.

6

of study

is

applicable and relevant to the

Stress in Coatings. There are several possible stresses

which may be present

in

a coating. Stresses in coatings arise by various mechanisms. For a material free to

move, processing or changes
result in a

change

environmental conditions,

in

dimension of the material.

in

e.g.,

temperature, will

If the material is constrained

substrate, such as a coating, shrinkage in the plane of the coating

restricted

and tension or a

coating, the state of stress
stresses

and 6 shear

stress

would result.

may be

=

ajj.

A

greatly

one cuts a volumetric element from a

resolved and represented by a series of three normal

stresses (see figure 1.1).

resolve to 3 since ajj

If

would be

by a

normal

Due

stress will

to

symmetry, the 6 shear stresses

be defined as a stress which acts

perpendicular to the face of the volumetric element, and shear stresses act parallel to
the element face.

These

stresses are illustrated in figure 1.1.

A coating is constrained

2-dimensionally by a substrate, allowing the material to freely contract or expand

normal

For

to the surface.

the coating

would be

zero.

this reason, the

It

normal

stress, O33, acting

on

the surface of

has also been illustrated that away from the coating

edge, the shear stresses acting perpendicular to the surface of the coating are zero
[13].

Thus,

in the case

of a coating, a plane stress analysis

may be used.

In other

words, the stresses of interest to coatings are two normal stresses acting within the
plane of the coating,

1

and O22; and a shear

stress acting within the plane

of the

coating, Oi2-

Photoresist coatings are subject to various changes during processing:
crosslinking.
temperature changes, exposure to solvents, and changes in chemistry or

A relationship between stress and the strain induced by temperature,
chemical reactions

may be

swelling,

and

described for an isotropic, homogeneous material using a

linear elastic approach; however,

it is

assumed

7

that the material properties, e.g.

Figure

1.1:

Possible stresses in a volumetric element of a coating.

8

modulus, are constant over a given increment, even though over time they
change.

If the rates

E[deij

where

-

of deformations are slow, viscoelastic effects

5ij(adT +

BdC +

^dP)] = (1 + v)daij

E=

tensile

a=

coefficient of thermal expansion

-

may be

may

neglected.

5ijvdOkk

(1.1)

modulus

6 = coefficient of swelling

= reaction expansion coefficient
T = temperature
P = the extent of reaction
C = Concentration
h,

V = Poisson's

=

strain

ay =

stress

Ejj

5ij

ratio

= kronecker

delta.

In the electronics industry, substrates are often not planar

and

flat,

but complex

geometries. Coatings for these substrates will be subject to various constraints. This

can be taken into account with equation
uniaxially,

=

= 0 and dE] j =

<733

0.

(1.1).

If

the material is constrained

Thus equation

dan = E(adT + BdC +
-

If

a biaxial constraint

is

considered, 033 = 0 and dei

1

(1.1) reduces to

(1.2)

^dP).

= de22 =

0,

equation (1.1)

reduces to

dan =

da22 =

-

^

(adT + BdC + ^dP).

Additionally, for a volumetric constraint, or the upper limit,

yielding

9

den = de22 =

(1.3)

de33 = 0

dOn = da22 = da33 = -^j^ (adT + BdC
-

Using a value of 0.33 for Poisson's
be illustrated that a change

change

1

ratio,

which

is

+ ^dP).

(1.4)

typical for glassy polymers,

2-dimensionally constrained stress

in a

is 1.5

it

can

times the

dimensionally. Additionally, the increase in stress 3-dimensionally

is

approximately 2 times that of 2-dimensionally constrained systems. The effects of
dimensional constraints on the

state

of stress has been explained in detail by Plepys

(1992)114,15].

One

of the areas which has also been addressed in the coating literature, but

not in the photoresist literature,

suggested previously, stresses
material

is

is

in

the source of residual stresses during cure.

coatings

may

develop from various sources.

When

a

subject to polymerization, temperature changes, or evaporation of solvents,

a corresponding volumetric change

is

accompanied.

If the material is constrained,

such as a coating on a substrate, dimensional changes

and a

As

stress will develop.

in the plane are highly restricted

In order to decrease this stress,

it is

important to understand

concentration on
the contributions of chemistry, temperature changes, or changes in

moduli and shrinkage.
on the
Studies have been performed that examine the effect of thermal cures

Some

residual stress in coatings [14-19].

epoxy and polyimide

coatings.

by subjecting a uniaxial sample
increase

was measured

The

of the materials used

stress increase

in these studies

was determined

were

in these coatings

to an isothermal cure at constant strain.

The

stress

is explained
directly with a load cell. This type of experiment

polyimide and epoxy, the stress increase due to

in detail in a later section. In both

order of 0.5
polymerization effects alone were found to be small (on the

polyimide and epoxy) [17,18].

It

was

also found

from these same

MPa for

studies, that for

temperature of 275 to 375°C yielded a
thermally cured polyimide films, a change in

10

uniaxial thermal stress of 20
that the stress generated
stress increase than the

The

exhibits a 6.8

A

due

30

to

[20].

It

MPa

From

these studies

it

was concluded

in chemistry.

on coating

was found

MPa change in

[17,18].

temperature changes contributed more to the overall

changes

effect of solvents

by Sackinger, 1989

water.

-

stress

similar stress change (8.4

been examined on polyimides

stress has also

that a uniaxial constrained spin-cast film

when exposed

to wetting

MPa) was observed

for

and drying cycles with

30H Kapton™. Other

solvents which had a significant effect on the stress were acetone, chloroform,
ethanol, methanol, and methylene chloride. This type of approach has not been

carried out on polyacrylate photoresists. However, one

may assume

the effect

may be

similar.

The amount of water absorption
Brandrup and Immergut

[21], for

after a

24 hour period, as reported by

polyimide and molding grade polymethyl

methacrylate are similar (0.32 and 0.30 %, respectively). Polyacrylate photoresists
are not reported; however,

it

may be

expected that the properties are similar to

polymethyl methacrylate. With similar behavior to exposure to water,

it

may be

suggested that a stress change would also be present. The absolute value and
relevance of this change have not been reported and must be obtained.

A characterization of stress evolution of photoresists has not been examined in
the past; however, since photoresists will be subject to various types of

polymerization, solvent, and thermal histories,
effect of various processing

it

will be important to determine the

and environmental parameters on the residual

stress.

to
Determination of Residual Stress. Each of the techniques developed

determine the stress

state in a coating

have various advantages and disadvantages.

Perhaps the most widely accepted technique

11

is that

of

beam

or plate bending. This

technique
substrate

is

carried out by applying a coating to a thin substrate.

is critical

(approximately 0.1

and cure of the coating, a

By knowing

substrate.

stress will

mm for glass or mica).

develop which will result

The

thickness of the

During the application
in a

bending of the

the deflection of the substrate, the residual stress

may be

calculated. Mathematical treatments of this type of test have been carried out for

various geometries and deflection measuring techniques [22-25].

To

successfully perform a

beam bending

experiment, one must be aware of the

associated assumptions. There are seven main assumptions which must be met:
film strains the substrate, which bends until equilibrium
substrate
elastic,

bond

is

strong enough to suppress slippage;

homogeneous, and uniformly

comparable

(iii)

reached;

(ii)

the

the film

the substrate is linear

bending displacement

is

to the thickness of the coating; (v) the width of the substrate is less than

half the length; (vi) the stress
stress relief or

many

thick; (iv) the

is

(i)

changes

uniform throughout the film thickness; and

is

(vii)

in elastic constants take place as the film is processed.

no

In

coating systems, these assumptions are justified; however, care must be taken to

insure the technique's validity. In addition, the deflections of the

beam

are usually

small, and require optical or holographic devices for measurement. For systems

which meet the above

method

to

criterion, the technique has

determine the stress

Other methods used

to

become a valuable and common

in a coating.

determine residual stress measure an induced molecular

strain using x-ray diffraction [26,27]. This technique has

stress in the material

continuum

upon deformation; however,

stresses leaves

room

been useful to determine a

translating molecular strains to

for a great deal of error. Dislocation, voids,

and other

of this
imperfections can lead to erroneous results. Additionally, application

technique to polymers where a distinct atomic array

12

is

not always present

is difficult.

A

technique developed to determine residual stress in coatings

is

vibrational

real time holographic interferometry. This technique utilizes the physics

when

a

drum head

suddenly displaced.

is

to act as a

carefully

and

drum head by

removing the

in the

is

a

membrane

from equilibrium,

constraint, if suddenly disturbed

resonant frequency which

When

it

will

is

head type of sample

related to the tension or stress.

A coating can

at a

be prepared

fastening a metal washer to the surface of a coating and

Since the stresses

substrate.

removed while maintaining

is

stretched over a

respond by vibrating

in a

coating are tensile in nature

plane of the coating, constraining the coating with a

for the substrate to be

which occur

the

same

suitable for stress measurements.

developed the technique of using

steel

state

Maden

of

washer
stress.

et al.

will allow

This drum

(1989) have

real time holographic interferometry to

measure the

resonant frequency of a vibrating sample [19,281. With the resonant frequency of the

sample, the stress

may

be determined.

The advantage of this technique
Therefore, very

little

knowledge of

is

that very

few assumptions are necessary.

the coating material prior to testing is required.

Linear elasticity of the substrate does not need to be assumed as with beam or plate
bending, and the only material parameter required

is

the density. Recently, the

technique has also been expanded to deal with rigid and anisotropic samples [29].

The disadvantages

to

such a technique are that the experimental setup can be

expensive and sample preparation

Use of these techniques

to

may

be time consuming and involved.

determine the residual stress which develops in

photoresist coatings has not been documented in the past.

As

stated earlier,

much of

and thermal curing stage.
the polymerization chemistry occurs during an ultraviolet

The curing conditions
amount of

are severe

enough

that

stress being generated.
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it is

not difficult to envision a large

Determination of Mechanical Properties. There are many resources available

which describe the various techniques

As suggested

materials [30,31].

to

determine the mechanical properties of
coating stresses of importance are

earlier, the

typically tensile in nature. For this reason, a standard tensile test will be the logical

choice for determination of mechanical properties.

The

properties of interest in this study will be primarily the ultimate strength,

modulus, and ultimate
is

the tensile

test.

The standard

strain.

A description of this

test utilized to

technique for films

American Society of Testing and Materials

[32].

is

usually difficult.

is

described by the

One of the problems

tensile tests of coatings is obtaining free-standing films

of a coating from a substrate

determine these properties

An

from the

substrate.

analysis of the various

used to obtain a free film has been compiled by Yaseen and Raju

methods described

fall into

4

categories.

The

with mercury. This technique works well

if

first is

associated with

in

1982

Removal
methods

[33].

amalgamation of the substrate

the substrate is soluble in

mercury or can

be coated with a mercury soluble material. The disadvantage of this method

mercury

is toxic,

and care must be taken

substrates.

relatively

The second method

Systems which allow

for

is to

been

real time holographic

obtain free films from untreated

removal of the coating requires substrates with

low surface energy. Systems which

fall into this

Teflon substrates with some paints. The third category

is

category are specific, e.g.

the use of substrates treated

with water soluble or water sensitive materials. Such examples
cellulose or polyvinyl alcohol. FinaUy, the fourth category

release agents.

is that

to ensure safety. This technique has

found to be very successful for preparing samples for
interferometry [19].

The

Each of these techniques

is

may be water

substrates treated with

are valid for various systems.

The choice of

final application.
technique will depend solely on the system of study, and the
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soluble

Tensile tests have been performed on various materials, and have been
tabulated in handbooks [21]. For molding grade polymethyl methacrylate the

modulus

reported to range between 2.6

is

-

typical for

many

enough

be considered a glassy material.

to

polyacrylates.

It is

3,1

GPa. These modulus values would be

important to note that these values are high

A

wide range of strength values are

present in polyacrylates type polymers. Tensile strength values for a few linear
polyacrylates are given in table

Table

1.1.

Comparison of Tensile Strength of Polyacrylates and Polymethacrylates,

1.1:

Tensile Strength (MPa)
Ester Linkage

Polymethacrylate

Polyacrylate

Methyl

62

6.9

Ethyl

34

0.2

Butyl

6.9

0.02

It is

important to note a few points about polyacrylates.

the strength values for various polyacrylates are

polymethacrylates. In

many

therefore, other polymers are
that are

commonly used

polyesters,

It

much lower than

acrylate based coatings, this strength

added

to

enhance the properties.

can be observed that
for

is

not sufficient;

Many

of the materials

with acrylates are epoxy, urethanes, methacrylates,

and polyethers

[34].
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Effect of Cure on Mechanical Properties.

Much

of the information obtained

about the properties of photoresist materials has been learned by studying the effect of
cure.

A

description of this type of

cure, and

(ii)

One

work

will

be broken into two sections,

of the most

common ways

to

is to utilize

examine

the mechanical properties of a

dynamic mechanical

Various

analysis.

descriptions of this type of analysis are presented in the literature [35,36].
is

An

additional technique which has been

developed which gives even more information
16,17,37).

many

This type

appropriate for obtaining information about the modulus as a function of

temperature as well as during cure.

1

thermal

ultraviolet cure.

polymer during thermal cure

of method

(i)

One

of the advantages of

this

is

an Impulse Viscoelastic technique

process

is

that

it is

possible to measure

of the mechanical and rheological changes associated with solidification. The

technique examines the response of an aging linear viscoelastic material subjected to a
deformation.

Among

the properties

which can be measured or calculated by

technique are gel time, gel temperature, equilibrium modulus, cure
shrinkage, steady state elongational viscosity,

mean

stress,

this

cure

relaxation time, thermal

expansion coefficient, glass transition temperature, and dynamic mechanical
properties.

The

details of the technique will be discussed later.

Examination of the effect of

ultraviolet cure

on the properties of a coating

not as straightforward. Techniques developed to gain information about
photosensitive polymers have been modifications of general methods.
investigators have

added

Many

ultraviolet light sources to various techniques to gain

information about a materials behavior during ultraviolet cure.

Among

these

scanning calorimetry
techniques are infrared spectroscopy [38,39], differential
[40,41],

dynamic mechanical experiments

[42-44], and techniques to
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measure

is

dimensional changes [39,41]. This type of study represents the greatest amount of

work

carried out on photoresist materials.

Some of the clues which have been

observed about acrylates using the

previously described approach will be presented.

It

has been

shown

that the

amount

and kinetics of the polymerization reaction depend a great deal on the mobility of the
functional free radical [40,41].

One

of the problems associated with ultraviolet cure

that the reaction takes place at such a great speed, that free radicals

without available functional groups with which to react. This
degrees of polymerization are difficult
radical can be increased. In the

same

to

is

may

is

get trapped

a problem, since high

achieve unless the mobility of the free

study,

it

was observed

that the shrinkage of the

material will lag behind the degree of polymerization [41]. This

may contribute

to

slowing of the reaction.

Examination of the storage modulus of tetra ethylene glycol diacrylate during
ultraviolet cure yields

two helpful clues about the

material.

When

an ultraviolet light

source initially strikes the material a sudden increase in modulus occurs. This
discontinuity accounts for the majority of the increase in modulus during cure.

Additionally,

slighdy for

when

the light source

many minutes

turned off, the modulus continues to increase

[38,43]. This suggests that the majority of the

polymerization occurs in the

first

slowly even after the light source
that

is

few moments of
is

turned

off.

the curing process, and continues

Once again

it

must be remembered

each of these studies presented has been on acrylate based polymers, but

composition, diluents, and structure
It

can be seen

may be different.

that a great deal of

work has been performed on determination

materials. However,
of the mechanisms and chemistry involved in photosensitive

about the
information and data which will allow for generalized conclusions

17

mechanics involved during cure
comparison between residual

is

What

lacking.

stress

the literature requires

a

is

and the mechanical properties of photoresist.

Mechanical Performance: Comparison Between Stress and Strength. As stated
earlier, the residual stress is the driving force for failure.

stress level alone is not sufficient for a

also important to

know

However, knowledge of the

complete mechanical characterization.

must reach before

the limit a material

limiting stress value for mechanical failure

is

It is

failure will occur. This

based on the ultimate or breaking

strength for various types of stress states.

Since these two values must be compared, a mathematical treatment

One of the

important.
material

is

difficulties

of

this

comparison

determined from a uniaxial tensile

is

that the ultimate strength of a

and coatings are subject

test

is

to biaxial

constraints.

Failure in a material will usually occur at a specific principal stress, a definite
axial strain, a

maximum

shearing stress, and/or a specific

unit volume. For uniaxial loading,

Therefore,

it

at failure for

the cause of failure

is

these theories

fits

is

used.

more

and

strain

stress,

normal

an axial load are not

unknown. For

criterion for predicting failure.

energy per

to biaxial or triaxial loading the situation is

complicated. The limits of normal

energy existing

strain

of these limits are reached simultaneously.

doesn't matter which criterion (stress, strain, or energy)

For an element subjected

common

all

amount of

Many

this

reason

strain, shearing stress,

all

it is

reached simultaneously. Thus,
important to determine the best

theories have been presented, although,

the data for all types of materials.

Some

none of

of the theories are more

than others.

For

brittle materials,

it

has been found that the

maximum normal

stress theory

applicable [45]. This theory predicts
(or also called the Rankine's theory) is usually
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failure of a

normal

specimen subjected

stress at

tensile or

to

any combination of loads when the

any point reaches the

compressive

presented in figure

1.2.

axial failure stress as determined

of the same material. This theory

test

The

limiting stress, Oyit,

combination of biaxial principal stresses

is

may

by an axial

be graphically

the failure stress.

Any

and 02 represented by a point inside the

safe according to this theory, whereas any combination of

square of figure 1.2

is

stresses represented

by a point outside of the square

Therefore,

maximum

when applying

this

when one of the following

theory to coatings,

equations

it

will cause failure of the element.

can be said

that failure will

occur

is satisfied:

(1.5)

or

^2 =

Another possible

failure criterion

(1.6)

^ult-

may

be that of the

maximum

shear stress

theory (referred to as Guest's or Tresca's theory). This theory predicts failure of a

specimen subject
stress,

to

Xmax'

tensile or

any combination of loads

occur when the

maximum

shear

stress as determined by an axial
P^^"^ reaches the axial failure

compressive

presented in figure

to

1.3.

test

It

of the same material. This theory can be graphically

can be shown that when Oy and 02

equation dictating failure for films in a shear

'^max

~ 2 ~

mode

^"^^

of the same sign, the

follows:

(1.7)

or

02
'^max - 2 ~ ^u^t
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(1.8).

1

Figure

1

.2:

Maximum

20

normal

stress theory.

Figure

1.3:

Maximum

shear stress failure

theory.

21

Similarly,

when

mode can be

the principle stresses are of opposite signs, failure for films in a shear

written

_ ai g7 _
max ~
~
2

^"J^t-

(1.9).

For ductile materials the maximum-distortional-energy theory (frequently
called the

Huber-Henky-von Mises theory) has been found

to

be applicable [45]. This

theory predicts failure of a specimen subjected to any combination of loads
distortional strain energy per unit

volume of any portion of the

stressed

the

member

reaches the failure value as determined by an axial tensile or compressive

same

when

test

of the

material. In addition, this theory takes into account that the portion of the strain

energy producing volume changes

The comparison of the

yielding.

is

considered ineffective in causing failure by

limiting stress and a biaxial stress is given by the

following equation

Ouit^

This expression

-

O1O2 +

(1.10)

simply the equation of an ellipse with

its

major axis along the

equals 02. This can be shown graphically in figure

where
It

follow.

is

=

will be important to determine

The material under

follow the

which

investigation

maximum normal or

is

1.4.

criterion the present

system will

quite brittle, and failure will

shear stress criterion. However,

stressed
that regardless of the theory utilized, a uniaxially

22

line

it

most

likely

interesting to note

sample or an isotropic

Figure

1.4:

Maximum distortional

23

energy theory.

biaxially stressed sample will fail

The difference between

the

biaxially stressed material

when

the residual stress equals the ultimate strength.

two theories

is

will exhibit itself only

used. For the

first

when an

anisotropic

theory, failure will occur

when one of

the principle stresses equals the ultimate strength of the material; however, for the
latter theory, this

comparison would be conservative (see figure

1.5).

Conclusions

The driving

force for past research regarding photoresist materials has been to

increase the resolution, resulting in an increase in the density of the electronic detail

possible on a single board.

The end

result of this

approach to photoresist design has

been smaller circuits and printed wire boards. In the past

this

has been the approach;

however, as the performance requirements of printed wire boards and specifically
photoresist coatings increases, the need to examine the mechanical performance
increases.

A

highly dense printed wire board

is

not reliable

if failure

occurs

when

subjected to processing or environmental changes.

To

understand the mechanical performance of photoresist coatings

important to examine the

state

it

is

of stress as well as the ultimate properties. Reducing

the residual stress or increasing the strength of the coating should result in an increase
in

mechanical performance. For various coatings, the

state

of stress or mechanical

properties have been examined; however, the mechanical performance of photoresist

coatings have never been investigated.

Various techniques have been presented

that are possible to

measure and

valuable for
determine the state of stress of coatings. These techniques have been

24

Figure

1.5:

Schematic representation of the relationship between the various

failure theories.
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measuring the
stress

may

stress state

under various processing and environmental conditions using these techniques

One of the

be limited.

other coating materials
state

of various coating materials; however, examination of the

of stress

is

is its

properties of photoresist coatings that
sensitivity to light.

The

makes

unique to

effect of ultraviolet light

not understood, and techniques possible to measure this

were limited prior

it

on the

phenomenon

to this project.

Other mechanical properties that have been investigated regarding photoresist
coatings have been chemical in nature (yield or reaction efficiency). Material
properties which have been examined focused on the modulus and strength of the final
photoresist coating.
All of this past research has been important and results in a valuable resource
for understanding the molecular or chemical behavior; however, studies in the past

have not given a complete understanding of the relationship between the

and ultimate

of stress

limits of the coating. Thus, the objective of this project will be three-

to understand the effect of processing

fold:

(i)

state

of stress and mechanical properties,

(ii)

and environmental variables on the

define the failure relationship between

the stress in a coating and a uniaxial tensile strength, and
to

state

(iii)

illustrate possible

ways

improve the mechanical performance.

References

1.

Reichmanis, E. and Wilkins, C.W. Jr., "Chemistry of Microelectronic Polymers,"
Microelectronic Polvmers Ed. M.S. Htoo, Marcel Dekker, Inc., New York
,

(1989), pp

2.

1.

Reiser. A.. Photoreactive Polvmers

Wiley-Interscience,

3.

New York

.

the Science a nd

Technologv of

Resists,

(1989).

of
Designing Hi^h Densitv Printed Circuit B mrHs Cost Effectively. Publication
E.I. Du Pont de nemours and Co. (1981).

26

4.

Hoyle, C.E., "Photocurable Coatings", Radiation Curing of Polymeric Materiak
Ed. C.E. Hoyle and J.F. Kinstle, ACS, Symposium Series 417, Wash. D.C.

,

(1990), ppl.

5.

Knight, R.E., "Areas of Application of

UV Curing," Radiation Curing of

Polymers Ed. D.R. Randell, Royal Society of Chemistry (1987), pp

1.

.

6.

Emerson,

J.B.,

"A Users View of the Application of Radiation Curable

Materials,"

Radiation Curing of Polymers Ed. D.R. Randell, Royal Society of Chemistry
.

(1987), pp 32.

7.

Reichmanis, E. and Thompson, L.F., "Polymers

Overview," Polymers

in N4icrolithography Materials

Reichmanis, S.A. MacDonald, and T. Iwayanagi,

Wash. D.C. (1989), pp
8.

Reichmanis,

Microlithography,

in

and Processes Ed. E.
.

ACS Symposium

series 412,

1.

E., "Radiation

Chemistry of Polymers for Electronic Applications,"

Effect of Radiation on High Technology Polymers Ed.
,

9.

An

O'Donnell,

ACS Symposium

Dowbenko,

R., Friedlander,

Series 381,

C,

E Reichmanis and

J.G.

Wash. D.C. (1989), pp 132.

Gruber, G., Prucnal,

"Radiation Curing of Organic Coatings," Progress in

and Wismer, M.,
Organic Coatings 11 (1983),

P.,

.

pp71.
10. Seidel, J.R.,

"Areas of Application of E-Beam Curing," Radiation

C uring of

Polymers Ed. D.R. Randell, Royal Society of Chemistry (1987), pp
.

12.

"Electron-Beam Curing of Polymeric Materials," Radiation Curing

11. Kinstle, J.F.,

of Polymeric Materials Ed. C.E. Hoyle and
.

J.F. Kinstle,

ACS Symposium Series

417, Wash. D.C. (1990), pp 17.

12.

O'Donnell, J.H., "Radiation Chemistry of Polymers," The Effect of Radiation on
High Technology Polymers Ed. E. Reichmanis and J.H. O'Donnell, ACS
.

Symposium
13. Aleck, B.J.,

Series 381,

Wash. D.C. (1989), pp

"Thermal Stresses

in a

1.

Rectanglular Plate Clamped Along an Edge,"

L

App. Mechanics Vol. 16(2) (1949), pp. 118.
.

Study of Residual Stress Formation in Three Dimensi on^Uy
and
Constrained Epoxv Resins Ph.D. Dissertaion, Department of Polymer Science
Engineering, University of Massachusetts 1992.

14. Plepys, A.R.,

A

.

15. Plepys, A.R.,

and

Farris, R.J., "Evolution of Residual Stresses in

Three-

1932.
Dimensionally Constrained Epoxy Resins," Polymer, Vol. 31 (1990), pp.

27

16.

and Vratsanos, M.S., "Determination of the Stresses and
Properties of polymer Coatings," J. Coat. Tech. Vol 60, No. 760 (1988), pp 51.
Bauer, C.L., Farris,

R.J.,

.

17. Vratsanos, M.S.,

and

Farris, R.J.,

"A New Method

for

Determining Shrinkage

Stresses and Properties of Curing Thermosets," Composite Interfaces Ed. H.
.

Ishida and J.L. Koenig, Elsevier Science Publishing Co. (1986), pp 71.

The Determination of

18. Bauer, C.L.,

the Mechanical Behavior of

Polyamic

Acid/Pol yimide Coating s. Ph.D. Dissertation, University of Massachusetts,

Amherst
19.

MA,

1988.

Maden, M. A., Tong, K., Farris, R.J., "Measurement of Stresses in Thin Films
Using Holographic Interferometry: Dependence of Atmospheric Conditions," Mat.
Res. Soc. Svmp. Proc Vol. 188 (1990), pp 29.
.

20. Sackinger, S.,

The Determination of Swelling

Dissertation, University of Massachusetts,

21. Brandrup,

York,

J.,

Stresses in Polyimide Films. Ph.D.

Amherst

MA,

1990.

and Immergut, E.H., Polymer Handbook Interscience Press,

New York

.

New

(1966).

22. Chopra, K.L., Thin Film

Phenomenon Chapter
.

5,

McGraw-Hill,

New York

(1969), pp 256.

23.

Murbach, H.P. and Wilman, H., "The Origin of Stress in Metal Layers Condensed
from the Vapour in High Vacuum," Proc. Phvs. Soc. London Vol. B66 (1953), pp
.

905.
24. Blackburn, H. and Campbell, D.S., "The

Development of

Stress and Surface

Temperature During Deposition of Lithium Fluoride Films,"

Phil.

Mag.. Vol. 8

(1963), pp 823.

25.

Hoffman, R.W., Daniels, R.D., and Crittenden, E.C.

Jr.,

"The Cause of Stress

in

Evaporated Metal Films," Proc. Phvs. Soc. London Vol. B67 (1954), pp 497.
.

26.

Vook, R.W. and Witt, R., "Thermally Induced
Appl. Phvs. Vol. 36 (1965), pp 2169.

Strains in Evaporated Films,"

L

.

27.

Davey,

J.F.

and Deiter, R.H., "Sturcture

in

Textured Gold Film,"

.1.

Appl. Phys.

Vol. 36(1965), pp 284.

28.

Polyimide
Maden, M.A. and Farris, R.J., "Stress Measurements in Spin Coated
Mat. Res. Soc.
Films Using Real Time Averaged Holographic Inteferonietry,"
Svmp. April (1989).
.

28

,

29. Tong, Q.K., Characterization of the Processing Stresses and Structure-Property

Relationships of Polvacrylate Photoresists Ph.D. Dissertation, Department of
.

Polymer Science and Engineering, University of Massachusetts 1993.
30.

Ward, I.M., Mechanical Properties of Solid Polymers Wiley-Interscience,
York (1971).
.

New

31. Nielsen, L.E., Mechanical Properties of Polymers Reinhold Publishing Corp.,
.

New York

(1962).

Methods for Tensile Properties of Thin Plastic Sheeting," ASTM
Designation: D882, American Society for Testing and Materials, Philadelphia

32. "Standard Test

Pennsylvania, (1988).
33. Yaseen,

M. and Raju, K.V.S.N., "A

Critical Analysis of Various

Methods

for

Preparation of Free Films of Organic Coatings," Progress in Organic Coatings

.

Vol. 10(1982), pp 125.

Zimmerman, J.M., Kragewski,
of UV-Cured Coatings Containing

34. Noress, O.K.,

Properties

J.J.

and Bishop, F.E., "Mechanical

Multifunctional Acrylates,"

Radiation Curing of Polymeric Materials Ed. C.E. Hoyle and
.

J.F. Kinstle,

ACS,

Wash. D.C. (1990), pp 259.
and Schoff, C.K., "Thermal Mechanical Analysis of Organic
Coatings," Progress in Organic Coatings Vol. 16 (1988), pp 135.

35. Skrovaneck, D.J.

.

36. Skrovanek, D.J.,

"The Assesment of Cure by Dynamic Mechanical Thermal

Analysis," Progress in Organic Coatings Vol. 18 (1990), pp 89.
.

37. Vratsanos, M.S., Studies of

Polvmer Solidification Using the Technique of

Impulse Viscoelasticitv. Ph.D. Dissertation, University of Massachusetts,

Amherst

MA,

1987.

and Moussa, K., "Real-Time Monitoring of Ultrafast Curing by UV55.
Radiation and Laser Beams," J Coat. Tech. Vol. 62, No. 786 (1990), pp

38. Decker, C.

.

M.S., "Application of
39. Cundall, R.B., Dandiker, Y.M., Davies, A.K. and Salim,
Curing," Radiation
Infrared Spectroscopy and Dilatometry Techniques for

UV

Curing of Polymers Ed. D.R. Randell, Royal Society of Chemistry (1987), pp
.

172.

"Inhomogeneity

40 Kloosterboer, J.G., Van de Hei, G.M.M. and Boots, H.M.J.,
and Percolation
During the Photopolymerization of Diacrylates: DSC Experiments
354.
Theory," Polvmer Communications Vol. 25, Dec. (1984), pp
,

29

Van de Hei, G.M.M., Gossink, R.G. and Dorant, G.C.M.,
of Volume Relaxation and Thermal Mobilization of Trapped

41. Kloosterboer, J.G.,

"The Effects
Radicals on the Final Conversion of Photopolymerized Diacrvlates." Polvmer
Communications Vol. 25, November (1984), pp 322.
.

42. Kloosterboer, J.G. and Lijten, G.F.C.M., "Thermal and Mechanical Analysis of a

Photopolymerization Process," Polymer Vol. 28, June (1987), pp 1149.
.

43.

Zumbrum, M.A. and Ward,T.C., "Mechanical

Property Changes Accompanying

In Situ Photopolymerization of Thin Films," Poly. Mat. Sci. Eng. Vol. 60 (1989),
.

pp 361.
44. Overton, B.J., Taylor, C.R., and Muller, A.J., "The Effects of Cure Temperature

on the Thermomechanical Properties of UV Curable Coatings," Polym. Eng. and
Sci-, Vol. 29,

No. 17, Mid-Sept. (1989), pp

1

165.

45. Higdon, A., Ohlsen, E.H., Stiles, W.B.,Weese, J.A. and Riley, W.F., Mechanics of

Materials 4th Edition, John Wiley and Sons,
.

30

New York

(1985).

CHAPTER 2

EXPERIMENTAL APPROACH AND TECHNIQUES

Introduction

Understanding the mechanical performance of a coating requires a
determination of the structural limitations. The ultimate strength will be defined as
the stress at which the material breaks

ultimate stress

is

commonly used

it.

subjected to a uniaxial stress. This

as the upper stress limit that a material

subjected. Additionally, a coating that
residual stress associated with

when

is

state

it

be

constrained upon a substrate will also have a

The occurrence of

mechanical performance by reducing the amount of
failure will occur. Therefore,

may

a residual stress will decrease the
stress possible to

will be important to determine

apply before

and understand the

of stress and stress limitations of the coating.

Determination of the mechanical properties of a material

by uniaxial

tensile tests.

documented by

the

The technique of tensile

Many

been outlined

testing films is well established

American Society of testing and Materials (ASTM)

Determination of the
defined.

may be accomplished

state

and

[1].

of stress requires techniques which are not as well

of the present techniques available to measure

in the previous chapter.

stress in coatings

have

Each of these techniques have advantages and

disadvantages. This research project will incorporate the use of vibrational
deflection
holographic interferometry, as well as a newly developed membrane

technique.

Each of these techniques may be used

to

determine the state of stress and

other coatings,
ultimate limitations of a coating. Photoresist coatings, similar to

develop stress as a result of processing.
Polymerization reactions
ultraviolet light

and heat occur during processing. These changes

initiated
in

by

temperature and

chemistry cause dimensional changes that are often
accompanied with a

stress

increase. Additionally, various environmental
conditions will influence the state of
stress, e.g.,

temperature changes. The objective of

this project is to

use the techniques

described in this chapter to understand the influence of processing
and environmental
conditions on the state of stress and ultimate strength. In this
chapter, a description of
the processing of the coating and characterizational techniques will
be introduced.

For a given experiment, specific

details will

be required. These details will be

discussed as required in later chapters.

Material Description

The research approach

to this project has

been

to obtain an overall

understanding of the mechanical performance of an existing photoresist coating.

An

attempt to chemically modify the chemistry or composition of the coating was not

Any improvements

considered.

to the material

were obtained by understanding the

processing and environmental variables, and modifying the process or coatingsubstrate design.

project

was

first

amount of information about

to aid those involved in chemically designing

this reason, a description

The
The

also important to understand that one of the objectives of this

to gain a sufficient

performance

For

It is

the mechanical

new

photoresist coatings.

of the material will also be presented.

photoresist coating used in this study contained two major components.

main component was

monomer, when exposed

a

monomer based on

ethylene glycol diacrylate. This

to ultraviolet light in the presence of a ketone initiator will

undergo a free radical reaction. Since the monomer

32

is

multifunctional, the

polymerization results in a crosslinked structure. This reaction,

dosage of ultraviolet

light (0.25 J/cm^) will result in a

the material insoluble to a

as the developer).

wt.

1

At higher

crosslinked leaving a

stiff,

low

low crosslink density rendering

ultraviolet dosages (4-5 J/cm^), the material is highly

glassy material.

polymer binder

coating

is

a linear polymethylmethacrylate

present to give the material strength prior to

is

processing. In this fashion the material

exposed to a temperature of 150°C
polycondensation reaction

carried out at a

% aqueous solution of sodium carbonate (referred to

The second major component of the
binder. This

if

may

in the

is initiated,

be handled as a tacky dry film.

When

presence of a melamine crosslinking agent, a

leaving a crosslinked material.

When

the chain

reaction of the multifunctional

monomer and

polymer binder are carried out

sequentially, an interpenetrating network is believed to

the polycondensation reaction of the

result.

Sample Preparation and Coating Processing

Sample preparation was designed

to parallel the

recommended

industrial

processing schedule of photoresist coatings. Therefore, to introduce the method that

samples were prepared, an overview of photoresist processing

One of the problems
removing the coating from

remove coatings from

presented.

associated with a mechanical evaluation of coatings

is

the substrate. Various techniques have been utilized to

substrates.

by Yaseen and Raju (1982)

is

[2].

An overview of these

techniques has been presented

This research project will use a method of applying

the coating to a tin coated steel substrate. After the appropriate processing has been
carried out, mercury can be used to amalgamate the tin interiayer releasing the coating

from the

substrate.

Due

to the toxic nature of mercury,
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any residual mercury absorbed

by the polymer must be allowed

to evaporate.

It

was determined

that 5

days was

required before the samples could be safely handled.

An

overview of the processing of the photoresist coating

along with a schematic diagram illustrating each step

Table

2.

1

:

Sample preparation technique

Lamination

•

is

given in table 2.1,

in figure 2.1.

utilized for photoresist coatings.

Film laminated on tin coated substrate with a temperature of
85X and pressure.
15 minute hold time

Exposure

•

Ultraviolet curing apparatus

-

Ultraviolet Process Supply

curing oven with a bulb intensity of 300 WPI, and a dosage

of 0.25 J/cm2.
•

Lithographic

work was used

art

to create

sample geometry.

15 minute hold time

Development

wt%

aqueous Na2C03

H20

followed by water

•

Solvent:

•

Solvent and water applied with a spray nozzle for 3-5

1

minutes

Cure

Sample removal

Dosage 4

5 J/cm^ with bulb intensity of

•

Ultraviolet cure:

•

300 WPI
Thermal cure: Temperature of 150^C
ventilated oven

•

This photoresist

-

for

1

hour in a

Samples removed from substrate by amalgamation of the
interlayer with mercury

is

a dry film photoresist; therefore, applying

substrates requires lamination.

The

film

is

it

to the

supplied between two carrier sheets.
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tin

One

Photoresist

Tin Coated Substrate

i

UV

i

tt

t

tt

t t

Lamination
UV Mask

Exposure

Development

UVor
Thermal
Cure

Mercury Bath

Free Samples
Figure 2.1: Schematic representation of the process utilized to prepare photoresist
coatings for mechanical testing.
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of the carrier sheets

is

removed leaving

a tacky film suitable for lamination.

pressure and heat leaves the coating adhered to the substrate.

The temperature

required for lamination was 85°C. This temperature was chosen, since

flow temperature of the

The

it is

above the

film.

The term lithography
in the coating.

Applying

will be used to describe the process of creating a pattern

lithographic process will include two steps: exposure and

development. Exposure occurred when the sample was passed through an ultraviolet
supply

UV curing oven, where the sample was subjected to a low dosage of ultraviolet

light (0.25 J/cm2) using a

medium

watts/ linear inch (WPI).

The sample was exposed by passing under

movable
with a

belt.

The

belt speed

pressure mercury arc lamp with an intensity of 300

was used

to control dosage.

the

lamp using a

The sample was covered

UV filter mask, that contained the desired sample geometry.

This

mask was

commercially prepared, or a sheet of polyimide with the desired sample geometry cut
into

it

was found

be suitable. Exposure of certain regions of the coating resulted in

to

a lightly crosslinked material rendering that region insoluble.

The second

away with
solvent,

a

i.e.,

compressed

1

wt.

step

%

was development where

unexposed region was washed

aqueous solution of sodium carbonate monohydrate. The

the salt solution,
air

the

was applied with

a spray nozzle driven with a tank of

with a pressure of 0.14 MPa. After complete removal of the

unexposed regions, water was applied

to

wash any residue from

the coating

and

substrate.

Since these coatings are secondary photoresists,

(i.e.,

they stay with the printed

wire board throughout the lifetime of the device) a significant structural

stability

was

required. Therefore, the coatings were cured by an ultraviolet and thermal process.

The

ultraviolet cure

was

carried out with the
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same curing oven used

for exposure.

The

UV cure dosage used as a standard was 4 J/cm^.

The

belt

speed was calibrated

for each processing session using a radiometer.

A thermal cure was carried out in a standard convecdon oven,
of 150°C for
of cure,

i.e.

1

hour.

The samples were always placed on end when

thermal or

UV, was

a variable which

was examined

at a

temperature

cured.

The order

in this project.

Tensile Tests to Determine the Mechanical Properties

The mechanical
using 5

properties were carried out according to

mm wide strips with a gauge length of at least 75 mm

rate of 1.3

%/minute was used. Using

this

first

strain

with a

N capacity load cell.

medium

grit

tester,

model

Samples were gripped with a

sand paper placed on the faces

to

to the overall

(i.e.

the

set

this project.

TTBM,

The

equipped

of pneumatic grips

reduce sample slippage. The

machine compliance of the arrangement was determined

mm/N) compared

A standard strain

were determined.

tesdng apparatuses were used during

apparatus used was a floor model Instron tensile

with a 40

[1].

approach, the ultimate strength

breaking strength), tensile modulus, and ultimate

Two different tensile

ASTM standards,

to

be neghgible (0.006

compliance of a sample. One of the problems

associated with samples tested on this apparatus was that sample failure often occurred
at the grips.

It

was established

exhibiting grip failure

was

the

that the breaking stress associated with

same

as samples with failure occurring in the center.

Results using this particular apparatus are presented in chapter

The need

to

perform

samples

4.

tensile tests at various temperatures required the use of a

Instron hydraulic tensile tester (model 1321). This apparatus

load cell with a capacity of 44 N.

was equipped with a

A Bemco temperature chamber capable of a

temperature range of -65 to 200°C was added to permit testing at various

37

To

temperatures.

some of the problems of grip

alleviate

failure

and sample slippage,

the samples were glued to steel tabs prepared with a
hole drilled in the center of the

upper half (see figure

mm. The

Tabs were glued so the samples had a gauge length of 75

2.2).

hole in the center of the tab was used to easily secure the sample

arrangement on a
arrangement:

(i)

steel pin.

There are three advantages associated with

sample slippage

is

completely eliminated,

(ii)

this

the metal tab

an extension of the sample, and grip type failure was greatly reduced, and

applying the samples to the grip
relatively easy.

determined

to

at

low temperatures

all

becomes

(iii)

confined situation became

in a

The machine compliance of this complete arrangement was

be 1.18

mm/N, which was

approximately 10

compliance of a sample with a gauge length of 75

from

holding

mm.

% of the overall

Mechanical property results

chapters other than chapter 4 were performed on this particular apparatus.

Residual Stress

Several techniques were used to determine the stress state of the photoresist
coatings. These techniques were: vibrational holographic interferometry, a

membrane

deflection technique, and a force-temperature/force-UV apparatus. Vibrational

holographic interferometry and force-temperature techniques are well established.

However, membrane deflection and force-UV techniques
to

fill

are

new

techniques designed

a specific need during this project.

Vibrational Holographic Interferometrv

The

residual stress

interferometry.

may

be determined by a technique utilizing holographic

A membrane which is stretched over a washer (similar to a drum

38

Figure 2.2: Schematic representation of grips for tensile testing apparatus.
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head) will vibrate

may

at a

resonant frequency that

is

be utilized to determine the residual stress

developed by Maden

A

proportional to the stress. This lacl

in a coating.

This technique has been

el al. 13,4,5J.

sample may be prepared by applying

it

onto a

tin

coated steel substrate.

I-urther processing will be carried out as dictated
by the experiment desired.

washer

is

then glued to the surface of the coating, constraining
any

plane of the coaling. Amalgamation of the

tin

layer

is

movement

is

no shear

stress at the interface

stress in the coating is

simply

processing. Therefore,

when

away from

in the

coating

The

of the in-plane tension developed during

a result

the substrate

the film,

proportional to the stress in the film.

in a

the original free edges 16].

is

removed, the

residual stress

initial

maintained by the constraining washer. The film and the washer

drum head and upon shaking

round

used to remove the washer and

coating from the substrate (see figure 2.3). As suggested previously,
there

A

it

will vibrate at a resonant

When

will

now

is

act as a

frequency

vibrating this sample at various

frequencies, the sample will respond by generating various vibrational patterns or

modes. By knowing the mode of vibration and

the frequency at

which

it

occurred, the

residual stress can be calculated using the equation below:

-A

(v

a = 47c2pa2

where a
is

is

the biaxial stress

the frequency of

describing the

n,i

n,i

mode

in

(2.1)

the coating, a

is

the

of vibration, and Zpj

mode of vibration.

Stress

sample radius, p
is

is

the density, v^i

the zero of the Bessel function

measurements using vibrational

holographic interferometry are carried out by vibrating the drum head type sample as
a function of

frequency using a piezoelectric shaker. The sample

vacuum chamber

to reduce the

damping

effects of

40

air.

is

contained

in a

Viewing the sample by a

^Gating
I;;Tin

Substrate

Glue Washer

Washer
Glue

Figure 2.3: Diagram of vibrational holographic interferometry and
deflection sample preparation.
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membrane

camera while super-imposed with a hologram of the
to

observe interference patterns or fringes

When

the sample

is

stationary sample, allows for

one

that represent out of plane displacements.

vibrated at a frequency equivalent to one of the resonant

frequencies, a standing

wave

results

the shape of the resulting patterns

which
the

(i.e.,

is

visually observed.

With knowledge of

number and types of nodes), and

the

vibrational frequency; equation (2.1) can be used to determine the stress.

Measurement of the fundamental mode
values of

as well as higher

modes

results in

redundant

stress.

Tong (1992)
determined apparent

samples tested

has illustrated that

if rigidity

stress will increase at higher

in this project

apparent stress over the

first

behaved

in this

of the sample

harmonic frequencies

manner, with a

10 resonant modes.

important, the

is

To

20%

The

[7].

increase in the

obtain the actual stress in the

sample, the stress as a function of frequency was plotted. This type of plot

is

linear

with the intercept of the stress axis representing the actual stress in the sample.

A Membrane Deflection Technique to Determine Residual

Stress

A technique referred to as membrane deflection has been developed to
measure the
is

stress in a coating [8].

dependent upon the

The

stress as well as

force necessary to deflect a film under tension

any bending

rigidity.

identically to vibrational holographic interferometry
circular washer), a flat disk probe

force

may be measured

may be

with a load

cell,

linear-variable-differential-transformer

(i.e.,

Using a sample prepared

a coating constrained with a

used to deflect the coating. The restoring

and the deflection

may be measured

(LVDT). The apparatus

presented in figure 2.4.
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is

with a

schematically

Load Cell

Washer

Stage connected
A

to tensile tester

t

apparatus used
Figure 2.4: Schematic representation of a membrane deflection
to

determine stress

in coatings.
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If

the

a force balance

membrane

membrane

is

is

is

performed

at the

edge of the probe, and

it is

assumed

that

deflected a small amount so that the radius of curvature of
the

small, the stress in the

membrane

(o), ignoring rigidity effects is

described by the following equation:

27cbt

Vdr

where P
radius.

is

By

the load,

t

is

the film thickness, b

is

A

the probe radius, and a

solving the constitutive equation for a thin elastic

small deflection,

it

can be shown

is

the

sample

membrane undergoing a

that the displacement profile

and the slope can be

written in the following form:

/

ln(r/a)

X

and
f du^

u„
(2.4)

dry

Combining equations

(2.2)

and

rln(b/a)

(2.4) yields

o=

—^ln(b/a).

(2.5)

27CtU.

Thus, by applying a deflection and measuring the load, the residual stress
determined.
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may be

This technique was used

to

measure the

stress in various coatings,

i.e.,

polyimide, latex rubber, and the photoresist coating of
interest to this study. The
results

Table

were compared

to vibrational holographic interferometry (see
table 2.2).

Comparison of the residual stress of various coatings measured by
membrane deflection and vibrational holographic interferometry.
2.2:

Stress

From

V iDrdiiondi

Sample

Thickness
(iim)

Polyimide

11.4

Modulus
(MPa)

Membrane

Holographic

Deflection Tests

Interferometry

(MPa)

(MPa)

3000

Polyacrylate
Photoresist

19.8

±0.03

19.8

±0.03

6.47

± 0.25

9.69

± 0.48

4.47

±

92.5

2000

86.2

1750

2.36 ±0.01

85

10

0.92

(highly stressed)

Polyacrylate

0.22

photoresist (low
stress)

Latex Rubber

It

0.98

can be observed that the comparison between membrane deflection and vibrational

holographic interferometry

When
the

a relatively high

e.g., latex

very good in

all sited

cases except for the photoresist.

modulus material was used with

two techniques were

modulus,

is

in

good agreement. Likewise,

thin samples, e.g., polyimide,

for a

sample with a low

rubber, the techniques agreed. However,

if

the

modulus and

thickness were relatively high compared to polyimide or latex rubber,
photoresist coatings, the value measured by

e.g.,

the

membrane deflection was low. This
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observation suggests that rigidity

may

not be ignored in the case of photoresist

samples.
Rigidity effects are most important
the

membrane

is

expected to conform

at the

to the

edge of the probe. With a

flat

probe,

edge when deflected. This arrangement

requires a discontinuity in the slope of the displacement profile. For a rigid
sample,
this slope at the

(2.5).

To

probe edge

may

not correlate with the slope used to form equation

alleviate this problem, a spherical probe

geometry avoids any sudden or sharp changes

be used. This type of

in slope.

With the spherical probe the displacement
sufficient to describe the behavior of the entire

center of the probe to the point where the

may

profile used in equation (2.3) is not

membrane.

membrane

If the distance

contacts the probe

(see figure 2.5), the displacement profile can be described in

region were

r is less

than b,

it

will be

assumed

that the

is

from the
defined as b

two regions. For the

membrane conforms

first

to the

shape of the probe. Thus the displacement profile can be written as follows,

u^

=

u„

+ (VR^-r' -r) forr<b.

(2.6)

Differentiation of equation (2.6) yields,

f^"l
ydrj

For the region where
curvature of the bending

membrane

VR^-r^

r is greater

membrane

(2.7)

,

is

than b,

it

will be

assumed

that the radius of

small enough to be characterized by the

equation.
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Figure
using

2.5:

Schematic diagram of a spherical probe used

membrane

deflection.
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for stress

measurements

=

u

ln(r/a)

u

for r

>

b.

(2.8)

ln(b/a)

The slope

in this region

can be written as follows

fdu\

u,

KdrJ

To
equal
(2.7)

satisfy continuity, both the deflection

at the

and

probe edge,

(2.9) equal to

b.

Thus

(2.9)

rln(b/a)"

and the deflection gradient must be

setting equation (2.6)

each other, and

r

and

(2.8), as

well as equation

equal to b, the contact radius and the

deflection gradient at r=b can be written in the following form:

b=

Rs
(2.10)

and

[k-R)V
s

1

+ s'

+R

=
^

V dr J,=b

Rs

(2.11)

^

sRln

Thus, equations

(2.2), (2.10),

and (2.11) constitute the working equations to determine

the stress using a spherical probe.

It

can be seen that three dependent working

equations are required to determine the stress with
that using

an

this

type of geometry.

iterative approach, these equations easily converge.
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It

was found

Using a spherical probe, a comparison between membrane
deflection and
vibrational holographic interferometry
results

was performed

(see table 2.3).

From

these

can be observed that using a spherical probe with the membrane
deflection

it

technique resulted in stress values that compare closely with vibrational
holographic
interferometry. Therefore, this project will use an arrangement of

membrane

deflection with a spherical probe.

Table

Residual stress measurements utilizing membrane deflection with a
spherical probe, and comparison to vibrational holographic interferometry.
2.3:

Sample

Stress

From Membrane

Stress

Deflection (MPa)

From

Vibrational

Holographic
Interferometry (MPa)

Highly Stressed Photoresist

Low

Stressed Photoresist

10.5

±

3.5

Thermally Cured

+

18.5

+

9.69

±

0.48

1.0

4.47

+

0.22

2.0

19.77

1.0

±

0.03

Polyimide

Determination of the Influence of Cure on the State of Stress

A

sample

strip

(75

held at a constant strain

mm long) with a cross sectional area of 5 x 0.1 mm that is

may

be considered a uniaxial analog to a coating 2-

dimensionally constrained on a substrate.

and then exposed

If this

sample were connected

to a load cell

to various environmental changes, e.g., temperature, the

force or stress could directly be measured.

force versus temperature

is illustrated in

The apparatus used

figure 2.6.
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It

to

change

in

measure uniaxial

can be observed

that the

sample

Figure 2.6: Schematic diagram of apparatus
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to

measure force versus temperature.

is

held at constant strain and heated with an oven. The force

using a load
this

The load

cell.

cell

used for

this

is

directly

measured

experiment had a capacity of 44 N. With

type of apparatus the effect of temperature changes as well as thermal cure on the

state

of stress could be determined

The

effect of ultraviolet cure

on

stress

may

be obtained by utilizing an

experiment analogous to the previously described force-temperature experiment. The
apparatus used

schematically illustrated in figure 2.7.

is

A long rectangular sample is

held at a constant strain, and the force generated during ultraviolet cure

by a load

An

cell.

ultraviolet light source (a

medium

ultraviolet light

radiometer.

It

was caUbrated with

was determined

(see figure 2.8).

The

that

cm

was

lamp with

from the sample. The

respect to time by the use of a

4 J/cm^ was equivalent

addition of a shutter

measured

pressure mercury arc

an intensity of 300 wattsMinear inch, WPI) was placed 18

dosage of

is

to a

20 second exposure

also required to give the light source

time to reach a stable intensity before the sample was exposed.

The

strain or shrinkage

or thermal cure

maintained

change

is

at

may

of a photoreactive sample produced during ultraviolet

be measured in a similar fashion; however, a uniaxial sample

is

constant force rather than at constant dimension. The dimensional

directly

measured using a

linear-variable-differential-transformer.

The

addition of an ultraviolet light source or an oven will give dimensional changes as a

function of ultraviolet or thermal dosage, respectively.

Material Properties

An

analysis of the mechanical performance of a coating

would not be possible

without a determination of the modulus and the coefficient of thermal expansion.
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Computer

Load

Cell

Movable
Oven

butter

Thermal
Probe

Sample

UV Light
Source

Figure 2.7: Schematic diagram of the apparatus used to measure stress as

a function of ultraviolet dosage.
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25

30

(seconds)

Figure 2.8: Calibration between ultraviolet cure dosage and cure time.
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These particular properties are the key
coating.

The modulus used

modulus

is

Use of

to understanding the state of stress of a

will be an apparent equilibrium

analogous to a tensile modulus obtained

this type

at

modulus. This type of

an infinitely slow draw

of modulus in an incremental elastic approach

is

more

rate.

appropriate.

This modulus will be determined using an impulse viscoelastic technique. The
coefficient of thermal expansion will be obtained using thermal mechanical analysis.

Impulse Viscoelastic Technique

An

to

Determine the Apparent Equilibrium Modulus

Impulse Viscoelasticity Method has been developed by Vratsanos and

Farris [9-11]. This

method

is

used to obtain changes

during processing. For uniaxial deformations that
apparent equilibrium modulus, E^q,
strain, £(t),

is

in elastic

start

modulus of a sample

and end

at the

same

related to the stress response, o(t),

an

strain,

and the

by the following equation:

oo

/cT(t)dt

Eeq = -i

(2-6)

•

/e(t)dt
0

In the present study, a sudden strain

a Dynastat Mechanical Tester.

be obtained. The

the load monitored using

The experiment was performed by applying

strain for 10 seconds, releasing the strain,

stress to

was applied and

stress

a sudden

and allowing 60 seconds for the baseline

was measured with

a load cell. If both the strain

the stress returned to their baseline value, the integration in equation 2.6
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becomes

and

possible and straight forward. With the use of a temperature
controller, the

equilibrium modulus

at

various temperatures was obtained.

Determinat ion of the Coefficient of Thermal Rxp an«;inn

A thermal mechanical analysis technique was used to measure the dimensional
changes as a function of temperature.

If

the strain as a function of temperature

may be

a uniaxial sample

is

held at a constant stress,

written by the following equation,

de = adT,

where

a is

the coefficient of thermal expansion.

(2.7)

Measurement of the coefficient of

thermal expansion can be obtained by calculating the slope of a strain-temperature
scan. In this study a

samples was

0.

1

Dupont TMA model 2950 was

MPa, and

used.

The

stress applied to the

heating rates were 5°C/minutes.

Conclusions

The

overall objective of this project

is to

characterize and understand the

influence of processing and environmental parameters on the mechanical

performance. The approach and techniques presented

chosen and designed with

in this chapter

have been

mind.

this objective in

A processing route was designed to be characteristic of a photoresist coating
typically used to manufacture printed wire boards.

The processing conditions,

as well

used
as environmental conditions that the coatings will be exposed are similar to those
industrially.

55

Understanding the mechanical performance requires an understanding
of the
mechanical limitation of the coatings. Standard

tensile tests

determine the ultimate properties. Characterization of the

were proposed

state

of stress

to

may be

accomplished with several techniques: vibrational holographic interferometry,

membrane

deflection,

and thermal and

UV mechanical analysis.

Using

all

of these

techniques, the effect of processing variables and environmental factors on the state of
stress

can be characterized.

References

1

.

"Standard Test Methods for Tensile Properties of Thin Plastic Sheeting," ASTM
Designation: D882, American Society of Testing and Materials, Philadelphia
Pennsylvania, (1988).

2.

Yaseen, M. and Raju, K. V.S.N., "A Critical Analysis of Various Methods for
Preparation of Free Films of Organic Coatings," Progress in Organic Coatings

.

Vol. 10 (1982), pp 125.

3.

Maden, M.A. and Farris, R.J., "Stress Measurements in Spin Coated Polyimide
Films Using Real Time Averaged Holographic Inteferometry," Mat. Res. Soc.
Symp. April (1989).
.

4.

Maden, M.A., Tong, K. and Farris, R.J., "Measurement of Stresses in Thin Films
Using Holographic Interferometry: Dependence of Atmospheric Conditions,"
Mat. Res. Soc. Symp. Proc Vol. 188 (1990), pp 29.
.

5.

Maden, M.A., The Determination of Stresses and Material Properties of
Polyimidie Coatings and Films Using Real Time Holograhpic Interferometry,
Ph.D. Dissertation, Department of Polymer Science and Engineering, University
of Massachusetts, 1992.

6.

Aleck, B.J., "Thermal Stresses in a Rectangular Plate Clamped Along an Edge,"

Toumal of Applied Mechanics Vol. 16(2) (1949), pp
.

7.

118.

"
Tong, Q.K., Characterization of Processing Stress and Structure-Property
Relationships of a Polvacrvlate Photoresist ." Ph.D. Dissertation, Department of

Polymer Science and Engineering, University of Massachusetts, 1992.

56

Jennings, R.M., Taylor, J.F. and Farris, RJ., "Determination
of Residual Stress in
Coatings by a Membrane Deflection Technique" To be Submitted
Progress
to

Organic Coatings

9.

in

.

Vratsanos, M.S., Studies of Polymer Solidification Using the Technique of
Impulse yisgoglasticity, Ph.D. Dissertation, University of Massachusetts

Amherst

MA,

10. Vratsanos,

1987.

M.S. and

Farris, R.J.,

"A

New Method for Determining

Shrinkage

Stresses and Properties of Curing Thermosets," Composite Interfaces Ed. H.
Ishida and J.L. Koenig, Elsevier Science Publishing Co. (1986),
71.
.

pp

11.

Bauer, C.L., Farris, R.J. and Vratsanos, M.S., "Determination of the Stresses and
Properties of polymer Coatings," J. Coat. Tech. Vol. 60, No. 760 (1988),
51.
.

57

pp

CHAPTER

3

«

MECHANICAL CHARACTERIZATION

Introduction

One

of the specific functions of secondary photoresist coatings

printed wire board throughout

performance of the coating
protective coating

fails, in

its

lifetime.

is critical

many

to the

For

this reason, the

performance of the

instances, the device will

fail.

may

arise

electrical device. If the

To

stress in the coating

it

fully understand the

must be carried

previously stated, the driving force for failure in coatings

from processing or changes

in

environment,

e.g.,

protect a

mechanical

structural integrity of a coating, a detailed mechanical evaluation

As

is to

is

out.

the stress that

temperature.

When

the

exceeds the strength of the material, failure will occur. Therefore

will be important to evaluate the stress and strength (or mechanical properties) of the

coating.

Experimental

Sample preparation and experimental techniques used

in this section

described earlier. The details specific to the evaluation presented
presented below.

in this

have been

chapter are

Sample Preparation

Sample preparation

will follow the prescribed

method presented

in table 2.1.

All samples were coated on tin coated steel plates, approximately 15 x 15 cm.

dosage used

to cure the coating

was 4

J/cm^. Samples for tensile tests

using lithographic artwork creating thin

Samples

utilized for residual stress

strips

UV

were prepared

with a geometry of 100 x 5 x 0.1

mm.

measurements were exposed without artwork

resulting in a large sheet of coating material.

substrate

The

The samples were removed from

by the use of a mercury bath which amalgamates the

the

tin interlayer resulting in

the release of the coating.

Experimental Techniques

The mechanical

properties and residual stress were determined using standard

tensile tests (with a strain rate of 1.33 %/minute),

interferometry.

Many of the details

and vibrational holographic

of these techniques have been previously described

in chapter 2.

The

coefficient of thermal expansion

was determined using a thermal

mechanical analyzer. Heating rates used were 5 °C/minute over a temperature range of

25

-

140°C. The operation of

this

type of experiment has also been previously

described.

Mechanical Characterization During Processing

Understanding the effect of processing on the
properties of the photoresist coating

was

state

of stress and mechanical

the desired objective.
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To do

this, it

was

important to develop a laboratory scale processing scheme that would allow for a

mechanical characterization

scheme has been described

at

each stage along the processing route. This processing

in detail in chapter 2;

however,

it

is

important to note that

processing paralleled the prescribed industrial route.

Effect of Processing on the Mechanical Properties and the State of Stress

Tensile tests and vibrational holographic interferometry were used to measure
the mechanical properties and stress state at various stages of processing.

The

stress-strain behavior is illustrated in figure 3.1, with a compilation of the

mechanical

typical

properties presented in table 3.1. There are several important trends that must be

emphasized with

this set

of data.

In the case of a photoresist

which had been exposed and developed,

lithography only, the coating was found to be in a stress free
state for the material;

material.

however,

Even though

it

is

state.

This

is

i.e.,

a desirable

also important to observe the strength of the

a photoresist coating which has just undergone lithography

a zero stress state, the strength of this coating

is

relatively

low

(i.e.,

is in

9 MPa). This

material has only been lighdy crosslinked, and a coating in this state would only be
able to serve as a primary photoresist where lithographic resolution

is

the only

function. If this material were exposed to harsh environments where a stress

develop, the low strength would limit the use of the coating.
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may
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Table

3.1: Effect

of processing on the mechanical properties and residual

&

Expose

Wash

UV Cure

Thermal
Cure

(4 J/cm2)

UV Prior To

stress.

Thermal

Thermal

Prior to

UV

(150°Cfor
1

hour)

Residual
Stress

0

1.99

0.81

7.40

5.29

9.0

17.4

20.8

45.2

37.9

0.11

1.65

1.56

2.91

2.89

32.5

2.45

10.4

2.94

2.64

(MPa)
Ultimate
Strength

(MPa)
Modulus
(GPa)
Ultimate
Strain

(%)

Statistical Error

To
thermal)

= 5
Ultimate Strength = 8
= 15
Modulus
= 10
Ultimate Strain
Residual Stress

%
%
%
%

increase the strength of the coating, a series of curing steps (ultraviolet and

may

be used.

If

one considers a single

that the strength of the coating is significantly
stress additionally increases to

approximately 1.6
that the

1 -

UV or thermal cure,

improved

(i.e.

it

can be observed

20 MPa); however, the

2 MPa. The modulus of these materials

MPa rendering the

material

room temperature mechanical

which these materials are cured. Only

more

stiff

and

brittle.

It is

properties are insensitive to the

now

interesting

method by

subtle differences can be observed
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is

between the

UV and thermal cure.
ability to

draw

To

UV,

or

For example, when a material

is

thermally cured,

it

has the

significantly, in contrast to ultraviolet cured samples.

increase the strength further, a dual cure

UV prior to thermal).

increase in strength (40

-

may be used

Performing a cure schedule of

this

(i.e.,

thermal prior

type results in an

45 MPa), which has a much more desirable value.

Additionally, by performing a dual cure, the residual stress increases to a value of 5

10 MPa.

It

may

be observed that any time a

thermal cure, the stress
that the curing stage,

is

UV cure is used singly or prior to a

significantly higher.

and specifically

-

From

the presented results,

it

appears

ultraviolet curing, is responsible for the increase

in residual stress.

The

Effect of Soldering Temperatures on the State of Stress and Mechanical Properties

One of the most extreme processing
experience

found

in

is

conditions that a photoresist

the high temperatures associated with soldering, one of the final stages

manufacturing printed wire boards. Soldering

process of

must

wave

soldering.

By

is

usually carried out by the

applying an entire wave of molten solder over the

surface of the printed wire board,

all

regions that are not protected by the photoresist

coating will be soldered. The temperature the board surface experiences during a
soldering process

is

near 250°C, and

it is

wave

important to understand the effect of this

solder temperature on the coating.

To
an oven

remain

at

investigate the effect of soldering type temperatures, samples were placed in

250°C

at these

for 5 minutes. During a

wave

solder process, the board

would not

temperatures for this amount of dme; however, this will establish a

worst case scenario. The mechanical properties and residual stress of the heat treated,
as well as non-heat treated control samples,

were measured (see table
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3.2).

Comparing

results

from

57%, while

table 3.2 reveal that heating the coating to

250°C increased

the stress

by

the strength did not statistically change. This set of experiments and

corresponding results suggests that a wave solder process

is

detrimental to the

mechanical performance of the coating.

Table

3.2:

Effect of solder type temperatures on the mechanical properties and

residual stress.

Standard Cure

No Post

-

Post Heat Treatment

Heat Treatment

250°C/ 5 minutes

Residual Stress (MPa)

3.7

5.8

Ultimate Strength (MPa)

41.3 ±4.75

38.2 ±5.71

±

2.56 ±0.18

Modulus (GPa)

3.05

Ultimate Strain (%)

1.91

±0.4

Sample cure schedule: thermal cure (150°C

In addition to the

changes

significant decrease

when

decrease in modulus

may

in stress

the material

is

0.43

for

and

1.59

hr.) prior to

1

strength, the

exposed

UV cure (4 J/cm^)

modulus exhibits a

to soldering temperatures.

suggest that the material

hypothesis, samples were placed in an oven at

is

beginning to degrade.

250°C

green to a brown color. Both visually and odorously,

This

To

test this

for 10 minutes to determine the

effect of longer heat treatment times. Within 10 minutes the coatings
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±0.6

it

was obvious

had turned from

that

exposure of

these materials to a temperature of

was

substantiated by

Tong (1990)

250°C would

using

result in degradation. This behavior

TGA experiments

where the degradation

temperature of these materials were determined to be near 250°C

[1].

Determination of the Effect of Substrate Material on the State of Stress

As

stated previously, the photoresists in this study

The

steel substrates.

substrate typically used by industry

were prepared on

is fiber-glass filled

with a copper surface (FR 4 boards). In order to compare the results of
industrial application,

substrates

on the

state

it

was important

of

stress.

tin

this

coated

epoxy
study to

to determine the effect of the different

Photoresist samples were prepared on

tin

coated

stainless steel as well as a tin coated copper/epoxy-fiber glass laminate obtained

industry. In each case an identical standard processing route

was carried

from

out.

Vibrational holographic interferometry was use to determine the residual stress, with
results presented in table 3.3.

It

can be observed that the difference

stress

developed from coatings processed on either substrate

Table

3.3:

is

in the resulting

small and insignificant.

Effect of substrate on the residual stress:

Substrate

Tin coated

steel

Tin coated

FR 4 Board

Copper/ Epoxy-Fiber Glass
laminate

7.59

Residual Stress

(MPa +

MPa

7.79

0.05)

Cure schedule: Thermal (150°C

for

1

hr.) prior to
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UV cure (4 J/cm^)

MPa

To

fully understand the effect of the substrate

on the residual

stress refer to

equation (1.2) restated below considering only thermal changes.

=

^(^coating

^substrate)

(IZ^^

The only occasion
residual stress

in

,_

"T

(3.1)

which the substrate would play a

would be

in considering the thermal

role in the

development of

expansion of the substrate.

It is

important to understand that the difference in expansion between the coating and the
substrate

is

the primary cause of residual stress. Therefore, a close match between the

thermal expansion of the coating and the substrate will result in a low residual

The

coefficient of thermal expansion of the coating

was 86 |im/m/°C. The

of thermal expansion of the epoxy-glass substrate was determined
(using

TMA). The

thermal expansion of stainless

steel is

to

stress.

coefficient

be 16.4 |im/m/°C

-16 |im/m/°C

[2].

If

one

takes a value of 16 for stainless steel, one can observe that no real significant

difference in stress

would be expected.

Determination of the Effect of Processing on the Coefficient of Thermal Expansion

The

coefficient of thermal expansion

mechanical analyzer in a constant
0.1

stress

MPa. Temperature scans were

5°C/minute. During the

first

was determined using a thermal

mode. The

stress applied to the

carried out between 30 and

scan, the slope of the trace

140°C

sample was

at a rate

of

formed from the dimensional

change as a function temperature was not constant. As the material was heated above

Tg

this behavior
the material began to shrink for a period of time (a typical example of

is illustrated in

figure 3.2). This shrinkage

is
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believed to be a result of relieving any

4000

2000

0

B

-2000 -

U
•

-4000

c
o
I—
6000 -

B

s
8000 -

10000

12000

20

40

80

60

100

120

140

Temperature (°C)

Figure

3.2:

coating.

Effect of temperature on the dimensional change of a photoresist

Sample was cure thermally

at

150°C

performed.
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for

1

hour, with

no ultraviolet cure

stored energy or stored strain which would have developed during cure of the coating

while constrained

[3].

Upon

the second and third heating scans,

all

the stored strain

has been released, and the slope of the displacement-temperature curves remain
relatively constant.

The

reported coefficients of thermal expansion were always taken

from the second temperature scan during cooling between 70 and 30°C. The
coefficient of thermal expansion as a function of processing conditions are presented in
table 3.4.

Table

on

Effect of cure schedule

3.4:

No Cure
Cure
Schedule

the thermal expansion coefficient.

Single Cure

Lithography

UV

Only

(4 J/cm2)

Dual Cure

UV Prior to

Thermal
( 1

5()°C for

1

Thermal

Thermal
Prior to

UV

hour)

Coefficient

of Thermal

99.4

104.0

98.8

85.6

89.6

Expansion

(^m/m/°C)

From

this

information

it

may

has experienced a dual cure

be noted that the thermal expansion for a material that

suggests that thermal expansion

As

than that of a single cured material.

is less

is

comparable

to the crosslink density

the crosslink density increases, thermal expansion will decrease.

this is not a

new phenomenon

volume of a polymeric

if

[4])

result

of the material.

A result such as

one considers the relationship between the free

material and thermal expansion. Aklonis and

(1983) show that by combining the

and Ferry

The

WLF equation

(discovered by Williams, Lendel

and the semi-emperical Doolittle equation
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MacKnight

that the coefficient of thermal

expansion

volume)
free

is

[5].

volume

proportional to the fractional free volume
(VfA^to^^i, where Vf

is

the free

Increasing the crosslink density would have the effect of decreasing the
in the sample.

Thus, the effect of increasing the crosslink density would

be to reduce the coefficient of thermal expansion.

Determination of Poisson's Ratio

Another material property which was imponant

Measurement of the Poisson's

ratio, V.

ratio

to understand

was performed with

was Poisson's

the following

method.

On a given

substrate, a

sample was prepared with uniaxial

strips as

well as a

large area utilized to prepare a holography sample (see figure 33). Samples were

prepared by fastening
in

steel

washers

to the samples.

Removal of the

substrate resulted

samples with a uniaxial and biaxial constraint.

The

stress in a uniaxial

and biaxially constrained sample were determined using

vibrational holographic interferometry, and Poisson's ratio

was calculated from the

following equation:

V=^^2-^.

(3.2)

^2D

The

results of this technique are presented in table 3.5.

Poisson's ratio calculated (~ 1/3)

is

typical for

many

It

will be noted that the

glassy materials.

It is

also

important to note that the sequence of cure does not significantly effect the value of
Poisson's ratio.
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Figure

3.3:

Schematic representation of the sample board used

Poisson's ratio.
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to

determine

Table

Effect cure sequence on the Poisson's ratio.

3.5:

Cure Schedule

UV Prior to Thermal

Poisson's Ratio

0.33

Thermal Prior

to

UV

0.34

Conclusions

An
was

overall mechanical characterization of the photoresist under investigation

carried out, with an emphasis on the effect of processing on the final state of stress

and mechanical properties. At each stage of processing the
mechanical properties were measured.

number of cure

steps.

steps increased.

It

The

It

was found

state

of stress and

that the stress increased

strength and the modulus increased as the

was noted

prior to thermal; however, this coating obtained the highest stress.
that the processing step

The
properties

which appeared

to

be the most

effect of soldering type temperatures

was

also determined.

minutes resulted
Additionally,

it

in a

57

%

was found

was found

It

number of cure

was prepared with a

that the strongest coating

critical

on the

state

that heating a

was

It

with the

was

UV cure

also noted

ultraviolet cure.

of stress and mechanical

sample to 250°C for 5

increase in stress, and no significant change in strength.

modulus was reduced by 16

that the

exposed to soldering temperatures. Leaving samples

at

250°C

% as a result of being
for longer periods of

time resulted in degradation.
It

was found

FR 4 printed wire

that the state of stress

board was used

.

It

was

the

same whether a

was determined

expansion of the two substrate materials was
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similar.

steel substrate or

an

that the coefficient of thermal

The
was found

coefficient of thermal expansion at each processing stage

that

samples prepared with a single cure

(i.e.

between thermal or

Poisson's ratio

of cure performed

was determined

(UV

It

UV or thermal) resulted in a

higher coefficient of thermal expansion than dual cure processes.
that the differences

was measured.

It

was

also found

UV cures were small.

to

be

1/3,

with no difference between the type

prior to thermal, or thermal prior to

UV).
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CHAPTER 4

A MECHANICAL ANALYSIS OF THERMAL AND ULTRAVIOLET CURING

Introduction

In a coating, the driving force for failure

which may

arise

from various sources;

is

the presence of residual stress

for example, thermal

mismatch between the

coating and the substrate, or resistance to dimensional changes during a

polymerization or chemical reaction. During processing, photoresists are subject to
various curing conditions. Unique to curing, both thermal changes and

polymerization reactions are taking place. From the previous chapter
that a great deal of stress

analysis of thermal and

developed from these curing

steps.

it

was apparent

In this chapter, a detailed

UV curing, and a description of the source of stress will be

presented.

The
the past.
stress.

effect of curing

on the

The emphasis has been

state

of stress has been examined to some degree in

strictly

on the

effect of thermal curing

on the

state

of

Various studies have been carried out on epoxy coatings by previous

investigators [1,2].

Vratsanos and Farris (1986) found that the stress due to the

polymerization shrinkage of epoxies was 0.05 MPa. With regard to residual stress for
non-isothermal cures, these stress values due to polymerization could be neglected.

The

effect of curing photosensitive coatings has not been examined; specifically for

the effect of ultraviolet cure.
In the past, investigators have

examined

the effect of ultraviolet curing

on

various properties of photoreactive polymers. Techniques have been developed to

analyze photoresists during ultraviolet cure, for example, infrared spectroscopy

[3,4],

differential scanning calorimetry [5,6,7],

and techniques

to

dynamic mechanical experiments

measure dimensional changes

[4,6].

[7,8,9],

The focus of these experiments

has been primarily to obtain information about the photochemical reaction.
that has not

been examined

is

the effect of ultraviolet cure

on the

state

One

area

of stress of the

photoreactive coating. This chapter will focus on a technique that allows one to

measure the

directly

and

stress state

will give insight into the

of a photoresist during thermal and ultraviolet cure,

mechanism of the

stress increase.

Theorv

Residual stresses

in materials often arise

of photoresists, these volume changes

may

arise

from volumetric changes. In the case
from thermal expansion, or

polymerization reactions. Considering these two effects, for an isotropic,

homogeneous

material the relationship between stress and strain

may be

expressed

using incremental linear elasticity:

E

where E =

[dEij

tensile

-

5ij(adT+ ^dP)] = (1+v) dOjj

modulus,

expansion coefficient,
Cij

=

strain,

and

ajj

=

T=

The

P=

(4.1)

SjjVdOkk

a = coefficient of thermal expansion,

temperature,

stress.

-

^ = reaction

the extent of reaction, v

material properties

(i.e.,

= Poisson's

E, V, a, and

b,)

ratio,

during these

processes will not be constant and will be allowed to change with time.

For a sample which
true:

dCn = 0 and O22 =

^^33

is

=

uniaxially constrained, the following conditions are

0-

With these
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constraints, equation (4.1) reduces to:

dOn =

If

a photoresist

exposed

is

-

E(adT +

^dP).

prepared in the shape of a long

(4.2)

strip,

constrained uniaxially, and

to ultraviolet light, equation (4.2) suggests that the stress increase

may be

described as a function of thermal effects and/or volume changes caused by
polymerization.

For an isotropic sample
coatings,

de^ =

de22 =

0,

that is constrained biaxially

033 = 0 and equation

doi 1 = dG22 =

Aa=

where

a(coating)

-

-

on a

substrate,

i.e.

(4.1) reduces to:

^(AadT + ^dP)

a(substrate).

(4.3)

Equations (4.2) and (4.3)

relating experiments performed in a uniaxial

mode

may

to actual stresses in

be useful for

2 dimensional

coatings.

Experimental

The experimental techniques used
chapter

2.

for this chapter have been described in

A brief description concerning the details

specific to this chapter is

presented below.

Stress

-

Temperature Measurements

Stress as a function of temperature, while the strain

was measured with

A

is

the use of a thermal mechanical analyzer

uniaxial strip of photoresist

coadng with a cross
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maintained constant,

(TMA, du Pont

sectional area of

1

x

0. 1

2940).

mm was

held at constant strain while heated. The resulting force was measured with a load
cell (capacity

Stress

-

of

1

N).

UV Measurements

The apparatus used

to determine the residual stress of a photoreactive

while exposed to ultraviolet light
rectangular sample

The
light

is

schematically illustrated in figure 2.7.

held at constant strain and the force

ultraviolet source

was

is

was placed 18 cm from

the sample.

is

seconds (see figure

2.8).

were

A long

measured with a load

It

was found

linearly proportional, with 4 J/cm^ equivalent to

The addition of a

shutter

cell.

The dosage of ultraviolet

calibrated with respect to time by the use of a radiometer.

the dosage energy and time

polymer

was required

that

20

to give the light

source time to reach a stable intensity before exposure of the sample. The apparatus

was arranged so
sample

that following ultraviolet cure, an

oven could be lowered over the

to enable force-temperature experiments.

Vibrational Holographic Interferometrv

The

stress in a stretched

resonant frequency

measure

Maden

this

et al.

when

membrane

(such as a

drum head) can be

vibrated. Holographic interferometry

may

related to

its

be used to

resonant frequency. This type of measurement has been developed by

(1989) and found to be useful for determination of residual stresses in a

coating [10,11,12,13].
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Material Properties

The equilibrium modulus was determined using an impulse
technique developed by Vratsanos and Farris (1986)

expansion was measured on a du Pont

[1,2].

The

viscoelastic

coefficient of thermal

TMA 2940 thermal mechanical analyzer.

Materials and Sample Preparation

The
to

material

was laminated on

tin

coated steel plates. Lithography was used

form samples of the desired geometry. Samples

studies

were prepared with dimensions of 25 x

were 60 x 6 x

0.

1

mm. The

Thermal cure was carried out
J/cm^.

Amalgamation of the

from the

1

x

to

0.

be used during thermal curing

1

mm,

while

all

other samples

boards were thermally or ultravioletly cured as desired.
for

1

hour

tin layer

at

150°C, and

UV curing dosages were 4

with mercury was used to remove the samples

steel substrate.

Effect of Thermal Cure on the State of Stress

The

effect of thermal cure

on the

state

of stress was determined using a

thermal mechanical analyzer. The experiments were carried out twice, each with a
different curing schedule.

The

first set

of experiments was carried out on samples that

underwent lithography, with thermal curing being carried out

in the

TMA. The

of experiments was carried out on samples that underwent lithography as

second

set

well as

UV cure, followed by thermal cure in the TMA.

were carried out

at a

heating rate of 5°C/minute.
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Each of the heating stages

Cure Schedule: Lithography Only

Figure

4.

1

illustrates the effect of heating a material

to a temperature of 140°C.

a stress free state

MPa) was

A

It

can be observed

was obtained. Upon

that

when

cooling, no significant stress increase (0.019

second temperature scan was performed (figure
to

150°C and held isothermally

for

did not change this state of

0.015 MPa. This

polymerization.

stress.

initial stress

Upon

results

increase

is

state,

heating the sample to 150°C

hour thermal cure, the stress increased

1

a result of material shrinkage during

cooling the stress further increased to 1.34 MPa, which

result of the thermal expansion

The

During the

This time the sample

4.2).

hour before cooling to room

1

temperature. Since the material was in a stress free

cooling.

the material reached ~1 15°C,

observed.

was heated

to

prepared with lithography

is

a

mismatch between the coating and the substrate during

from these experiments suggest

that stresses

due

to

polymerization are insignificant compared to stresses obtained from cooling.

This hypothesis

below

its

may be

substantiated by heating a sample to a temperature just

cure temperature (ensuring that chemistry does not take place) while

monitoring the

stress.

Using a

differential scanning calorimeter,

determined the reaction temperature of these materials [13,14].

Tong

et al.

(1992)

A broad exothermic

peak was observed beginning near 150°C and ending above 200°C with a peak

maximum near

175°C. This peak was assigned to the chemistry associated with

thermal cure. For this study,

it

was determined

below 140°C was possible without
during an experiment such as

that heating a

sample to a temperature

significant chemistry taking place. If the stress

this is

comparable

to the stress

developed from a

negligible.
thermal curing process, one can assume that the polymerization stresses are
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0.7

Temperature (°C)

Figure 4.1

:

Effect of temperature on the state of stress of a photoresist

coating that has been exposed (dosage: 0.25 J/cm^) and developed (aq. sodium

carbonate solution): no cure has been performed. Sample under an isostrain of
0.04.
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1.4

Temperature (°C)

Figure 4.2: Effect of thermal cure on the

state

of stress of a photoresist

coating that has been exposed (dosage: 0.25 J/cm^) and developed (aq. sodium

carbonate solution): no ultraviolet cure has been performed. Plot a continuation

of figure 4.1. Sample under isostrain of 0.04.
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It

was found

was

1.3

that

MPa

by heating the sample

(figure 4.3). This value

is

to

140°C, the

comparable

final stress state

due

to cooling

to the state of stress for a

thermally cured sample measured by vibrational holographic interferometry (chapter
3).

Cure Schedule: Lithography Followed bv Ultraviolet Cure

Identical experiments

4.4

-

4.6),

and then subjected

were carried out on samples
to a thermal cure in the

resulted; however, the final stress

that

were

UV cured (figures

TMA. The same

was much higher (~6 MPa). Once

behavior

again,

important to emphasize that the stress increase due to polymerization (0.35

it is

MPa) was

small compared to the thermal stresses during cooling. With this curing schedule,

may be concluded

that stresses

due

it

to polymerization are insignificant.

Plotting the stress increase during an isothermal cure as a function of time
(figure 4.5) reveals an interesting point. After a cure time of

reached equilibrium. This suggests that

remaining chemistry.
held

at the

A

after

similar experiment

1

hour there

1

hour, the stress has not

is still

was carried out

in

a portion of

which the sample was

cure temperature of 150°C until the stress leveled off (figures 4.7 and 4.8).

A few important points were obtained from this experiment. A time of 3.5 hours was
required before the reaction was complete, producing a

MPa. Performing

a cure of 3.5 hours rather than

magnitude, but was
Additionally,

it

still

1

total stress increase

of 0.72

hour, the stress doubled in

small compared to thermal stresses developed during cooling.

appeared that the glass transition temperature of the sample (taken as

increased
the temperature where the slope of the stress-temperature curve changes)

from ~ 60

to

105°C as a

stress increase

due

the
result of the long thermal cure. This is important since

to cooling is

much

greater
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below the glass transition temperature

Figure

4.3:

Effect of temperature on the stress of a photoresist coating that

has been thermally cured

and

4.2.

at

150°C

for

1

Sample under isostrain of 0.04.
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hour. Plot is a continuation of figure 4.1

7

Temperature (°C)

Figure 4.4: Effect of thermal cure on the state of stress of a photoresist
coating that has been exposed (dosage: 0.25 J/cm^), developed (aq. sodium

carbonate solution), and ultraviolet cured (dosage: 4 J/cm^). Sample under
isostrain of 0.(X)9.
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Figure 4.5: Stress as a function of thermal curing time. The photoresist coating
has been exposed (dosage: 0.25 J/cm^), developed (aq. sodium carbonate solution),

and ultraviolet cured (dosage: 4 J/cm^). The thermal cure temperature was 150°C.

Sample under an

isostrain

of 0.009.
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Figure

4.6:

Effect of temperature on the stress of a photoresist coating that

has been ultraviolet cured (dosage: 4 J/cm^) prior to thermally cured
for

1

hour. Plot

is

a continuation of figure 4.5.

of 0.009.,
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Sample

is

at

\50°C

under an isostrain

20

40

80

60

100

120

140

160

Temperature (°C)

Figure 4.7: Effect of an extended thermal cure on the state of stress of a
photoresist coating that has been exposed (dosage: 0.25 J/cuP), developed
(aq.

sodium carbonate

solution),

and

ultraviolet cured (dosage:

Sample under isostrain of 0.006.
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4 J/cm^).

4.6

0

100

200

300

400

500

600

700

Time (minutes)
Figure 4.8: Stress as a function of extended thermal curing time. The photoresist
coating has been exposed (dosage: 0.25 J/cm^), developed (aq. sodium carbonate
solution),

and

ultraviolet cured (dosage:

was 150°C Sample under an

4 J/cm^). The thermal cure temperature

isostrain of 0.(X)9.
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than above.

The modulus of a

(ranging from

1

to

100 MPa), and the resulting

However, when a material

modulus increases
modulus

coating above the glass transition temperature

in to

is

is

low

should be small.

stress increase

cooled below the glass transition temperature, the

~3 GPa.

It is

interesting to note that a glassy

polymer has a

that is relatively insensitive to the crosslink density or type of chemistry.

Below

the glass transition temperature, the photoresist coating in this study will have a

similar

modulus

to polyimide, or

even a rubber below

it's

glass transition temperature.

Therefore, the stress increase for a material in the glassy state

is

dependent more upon

the magnitude of the temperature drop than the magnitude of the modulus. Therefore,

performing a thermal cure to completion (3.5 hours)

results in

an increase in the glass

transition temperature, increasing the actual temperature drop in the glassy state

yielding a

much

magnitude of

higher stress than a standard

1

hour cure. Figure 4.8

illustrates the

this stress.

Effect of Thermal Cure on the Dimensional Changes

Using a thermal mechanical analyzer with a constant

stress rather than a

constant strain, one can obtain the effect of thermal cure on the dimensional changes

of the photoresist coating.
that the

for

1

sample was held

hour, and cooled to

A

small load of 0.01

straight.

room

N

was placed on

The sample was heated

temperature.

The

to

the sample to insure

150°C, held isothermally

results are presented in figures 4.9

and 4.10.

From

this type

polymerization

is

of experiment,

it is

interesting to note that the shrinkage

approximately 1.63 %, while shrinkage due to cooling

definitive contrast appears in

comparing constant

stress

and constant

is

1.24

strain type

increase due to
experiments. During a constant strain experiment, the stress
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due

to

%. A

1

5000

20

40

60

80

100

120

140

160

Temperature (°C)

Figure 4.9: Dimensional change as a function of temperature during a thermal
cure cycle of a photoresist coating that has been exposed (dosage: 0.25 J/cm^),

developed

(aq.

sodium carbonate

solution),
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and

ultraviolet

cured (dosage: 4 J/cm^).
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Figure

The

4. 10:

Dimensional change or

strain as a function

of thermal curing time.

photoresist coating has been exposed (dosage: 0.25 J/cm^), developed (aq.

sodium carbonate

solution),

and

ultraviolet cured (dosage:

cure temperature was 150°C.
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4 J/cm^). The thermal

polymerization

is

small compared to cooling stresses. However, during a constant

stress experiment, the uniaxial shrinkage

due

to polymerization is greater than the

shrinkage due to cooling. The question does remain as to
are so small

if

the shrinkage is so large?

The answer

to

why

polymerization stresses

such a question must be

obtained by noting the material properties associated with the stress increase upon
cure and cooling. Equation 4.2 not only suggests that the shrinkage

+ ^dP), but

is

important (adT

also the modulus.

The modulus

as a function of temperature

viscoelasticity approach previously described.

was obtained using an impulse

The

effect of temperature

on the

apparent equilibrium modulus for samples with various cure schedules are presented
in figure 4.

1

Thermal cure was carried out

1.

at

150°C

for

1

hour, and ultraviolet cure

dosage was 4 J/cm^.
It

can be noted

equilibrium modulus

Upon

cooling, the

material

material

is

It

on the order of 10

is

modulus

may undergo

modulus of 50

that at a temperature of 150°C, or the cure temperature, the

-

50

MPa

depending on the cure history.

will increase to a value of 0.5

-

3

GPa. Even though a

a significant amount of shrinkage during polymerization, with a

MPa or less,

a significant stress could not develop.

only

when

the

cooled, and the modulus increases that a sizable stress will increase.

must be noted

that the stress is not

completely independent of the

polymerization reaction. The crosslinking reaction does effect that
material following cure.

examined

It is

in this study

Tong (1992) has

state

of the

illustrated that the polyacrylate photoresist

has a range a glass transition temperatures from -30 to 45°C

depending on the type of processing,

i.e.,

single cured materials resulting in a

glass transition temperature than dual cures.

It

lower

has been suggested that a higher

and a larger final
crosslink density results in a higher glass transition temperature
stress state.

From

this behavior, the final stress
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of a sample which has been dual

3000

Temperature (°C)

Figure 4.1 1: Effect of temperature on the apparent equilibrium modulus

determined by impulse

viscx)elasticity for several cure schedules.
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cured would be expected to be higher than a single cure. As presented
the final residual stress of samples which have been dual cured

in chapter 3,

was greater than the

case of a single cure.

Effect of

A

stress

-

UV

UV Cure on

the State of Stress

technique was developed to monitor the evolution of a uniaxial

stress during ultraviolet cure. Figure 4.12-4.15 illustrates the typical behavior.

different curing schedules

were examined. The

lithographically; however,

no thermal or

first set

Two

of samples were prepared

UV curing was carried out prior to the

experiment. These samples are characteristic of a primary photoresist. The second set

of samples were prepared lithographically and then thermally cured. All samples

were

UV cured under constant strain conditions while measuring the stress.

Cure Schedule: Lithography Only

With a small

stress

of 0.35

MPa on the

sample, the effect of

determined using a stress-UV apparatus (see figure 4.12).

opened the sample quickly went

to a stress free state.

1.35

after the

the shutter

was

The material remained

or stress free state throughout the entire curing process.

was closed

When

UV dosage was

It

was only when

in a

low

the shutter

UV cure cycle was completed that the stress began to increase to

±0.12 MPa.

To

gain insight into what causes this residual stress, one

may

of the curve during ultraviolet exposure. This portion of the curve

look

at the

shape

is difficult to

analyze since there are several competing effects: heating resulting in thermal

expansion and softening versus shrinkage due to polymerization. The material
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Figure 4.12: Effect of ultraviolet curing on the state of stress of a

1

dimensional

Sample was previously exposed (dosage: 0.25 J/cm^) and
developed (aqueous solution of sodium carbonate) with no thermal cure. UV cure
photoresist sample.

dosage was 3 J/cm^.
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1.8

20

40

60

100

80

Temperature (°C)

Figure 4.13: Effect of temperature on the
photoresist sample that has been

state

of stress of a

1

-dimensional

UV cured during a stress-UV experiment.

Sample has been previously exposed (dosage: 0.25 J/cm^) and developed
(aqueous sodium carbonate), and no thermal cure.

95

5

Time

(seconds)

Figure 4.14: Effect of ultraviolet curing on the state of
photoresist sample.

The sample has been

stress

of a

1

-dimensional

previously exposed (dosage: 0.25 /cm^)

and developed (aqueous sodium carbonate) and thermally cured (150°C for
hour).

Exposure to

ultraviolet light in this experiment resulted in a

4J/cm^.
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1

dosage of

5

I

Temperature (°C)

Figure 4.15: Effect of temperature on the

state

of stress of a

1

-dimensional

photoresist sample that has just been

UV

Sample has been previously exposed

(dosage: 0.25 J/cm^), and developed (aqueous

cured during a stress-UV experiment.

sodium carbonate), and thermally cured (150°C
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for

1

hour).

above the glass

transition temperature, thus softening of the coating

was not

a factor.

Additionally, the film during cure was essentially stress free. These
factors suggest
that thermal

expansion

a larger effect than shrinkage due to polymerization. In the

is

present system, one can determine more precisely
is

due primarily

to thermal expansion effects

if

the stress developed during cure

by comparing the

final stress

from

ultraviolet curing to information about the stress as a function of temperature. Force-

temperature experiments are easily made with the present apparatus by simply

lowering an oven over the sample following a stress-UV experiment. The sample

may be

heated to a temperature approaching the

during ultraviolet cure. This

maximum

maximum

temperature

may

temperature observed

be determined by placing

temperature sensitive tabs on the back of a sample. During cure these tabs change
color
the

when

a specific temperature

maximum

temperature

is

exceeded. With

at the surface

technique

this

it

was found

that

of the photoresist was approximately 150°C.

Force-temperature measurements were performed on a sample directly
following ultraviolet cure. The temperature was increased to the

temperature experienced during
results are

shown

in figure 4. 13.

UV cure, and returned
It

may

to

room

maximum

temperature.

The

be observed that the increase in stress due to

cooling the sample correlates well with the stress increase observed during ultraviolet
cure. This

would suggest

increase in stress

is

that the

predominant mechanism responsible for the

the effect of thermal expansion.

Cure Schedule: Lithographv Followed bv Thermal Cure

A

sample which has been thermally cured and then subjected

stress-UV experiment

when

is

UV curing begins,

presented in figure

4. 14.

When

the shutter

to

is

UV cure in a

opened, or

the stress drops dramatically. During cure the stress state of
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the sample remains close to zero; however,
stress rapidly increases to a value of 4.34

150°C, and cooled again

it

when

the light source is turned off, the

± 0.38 MPa. When

the sample is heated to

can be observed that the stresses due to thermal contraction

during cooling account for the entire 4.34

MPa

stress

which occurs during

UV cure

(figure 4.13).
It is

important to note that

this

type of experimentation

For a coating biaxially constrained on a
(i)

the coating

is

substrate, there will

2-dimensionally constrained, and

(ii)

is

a uniaxial approach.

be two major differences:

the coating

not held at

is

constant strain, but the expansion of the substrate must be taken into account.
illustrate the

relevance between a uniaxial stress-UV experiment and

coating on a substrate, the following discussion

an isotropic material, a uniaxial stress
using equations (4.2) and

(4.3).

may

is

presented.

UV curing of a

As previously

stated, for

be related to the residual stress in a coating

Adjusting the final stress state of the stress-UV

experiment to the value expected for a coating yields a
4.16). This adjusted value

To

may be compared

stress

to the stress

of 5.9

MPa

(see figure

measured by vibrational

holographic interferometry, which measures the 2-dimensional stress in a coating.

Using

this technique, a photoresist

cured by the same light source placed in a

conventional ultraviolet curing apparatus
residual stress of 5.2

MPa.

It

at

a similar dosage of 4 J/cm^ yields a

can be observed that vibrational holographic

interferometry and stress-UV measurements yield comparable results.

Since the predominant effect leading to stress during ultraviolet curing

is

the

thermal shrinkage during cooling, equation (4.2) and (4.3) can be rewritten ignoring
polymerization stresses leaving the simple result for a uniaxial experiment:

da = - E a dT
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(4.4)

6

Time (seconds)

Figure 4.16: Comparison of a uniaxial stress-UV experiment with the data adjusted
using linear elasticity to account for the case of a 2-dimensional coating on a
substrate.

for

1

Experimental data from a sample

hour).

100

that

was thermally cured (150°C

and for a biaxial experiment such

as coating stresses:

do =

These equations suggest

-

^ Aa

dT.

(4.5)

that in order to characterize the stress state during cure,

must know the modulus, the

coefficient of thermal expansion, and the

one

maximum

temperature the material experiences.

To

fully understand the effect of material properties

effect of temperature

on the

state

of

stress, the

on the coefficient of thermal expansion and modulus must be

determined. Experiments were performed on the photoresist in the present study to

determine the effect of temperature on these properties. The coefficient of thermal

expansion was found to be constant

at

86 |im/m/°C as a function of temperature

(figure 4.17); however, the equilibrium

upon temperature

With

modulus was determined

this information,

a theoretical stress increase upon cooling could be

may

a

-

be rewritten for incremental increase in

Oref

= -a Eavg

The

simply an average modulus or

[

overall stress as a function of temperature

stress increase of

stress:

(5.6)

(T-T^ef)

1

is

be dependent

as illustrated in figure 4.18.

calculated. Equation (4.4)

where E^yg

to

7^ref

V
J

may be

E(T)dT].

^
calculated by

summing

the

each increment as

o = Oq- Z ai(Eavg)i ATj
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(5.7)

6()()()

20

40

60

80

120

100

140

Temperature (°C)

Figure 4.17: Effect of temperature on the dimensional change of a photoresist

sample that has been previously thermal cured (150°C for
cure in a stress-U V apparatus (4 J/cm^).

The

determined to be 89. 1 ppm/°C.
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1

hour) followed by a

coefficient of thermal

expansion

UV

o
Heating

Cooling
0

0

0

o

1,1,1,1

0

0

20

40

60

80

»
1

140

120

100

Temperature (°C)

Figure 4.18: Effect of temperature on the apparent equilibrium modulus of a

sample
in a

that has

been previously thermally cured (150°C for

1

hour) and

UV cured

stress-UV apparatus (dosage: 4 J/cm^). Modulus determined by impulse

viscoelastigity.
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This type of analysis
figure 4.19).

may

be performed and compared to experimental results
(see

clear that cooling the ultraviolet cured sample

It is

room temperature

from the 150°C

to

yields the similar stresses observed in stress-UV
experiments, and

that equation (4.4) gives a fair

comparison for

this stress increase.

This approach

is

also valid for a coating by simply adding a Poisson's effect
(see equation 4.5).

One may
stress.

In other

ask what effect a pre-curing stretch

words, these materials

steps prior to ultraviolet cure.

may have on

may have been

Depending on

the final state of

subjected to various processing

the prior processing conditions, the state

of stress of the material will be different. The effect of varying the
can be easily examined by stretching the material
ultraviolet cure.

4.21.

It

to various stresses prior to

The resuh of this type of experiment

can be observed that the

initial stress state

cure has a negligible effect on the final state of

initial stress state

is

given in figures 4.20 and

of the material prior to ultraviolet

stress.

This

is

advantageous because

the final state of stress of the material can be characterized solely by

knowing the

material properties (modulus and coefficient of thermal expansion) at the point
the ultraviolet light source

has experienced. This

is

is

turned off, and the

maximum

illustrate

one must lower the modulus, coefficient of thermal

temperature the material experiences during cure.

Effect of

To

temperature the material

important since, in order to reduce the final residual stress

level in a photoreactive coating,

expansion, or the

maximum

when

UV Dosage on

the State of Stress

one of the advantages of a stress-UV technique, a

set

of

experiments was performed to examine the influence of ultraviolet dosage on the
residual stress. This

was performed by using pulses of ultraviolet

light

and measuring

the stress after each. Since this technique measures the stress in situ, a sample can be
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Figure 4.19: Comparison between an experimental force-temperature experiment
and a prediction using incremental elasticity. The photoresist sample was thermally

cured (150°C for

1

hour) followed by a

UV cure (dosage:

105

4 J/cm^).
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T
I
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Figure 4.20: Effect of applying various stresses to a sample during a stress-UV
experiment. Samples have been thermally cured (150°C for

stress-UV experiments. Dosage of

UV cure was 4 J/cm^.
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1

hour) prior to

8

4 -

0
0

1

2

Applied

4

3

Initial Stress

with a stress-UV apparatus, dosage: 4 J/cm^) to the final

107

7

(MPa)

Figure 4.21: Relationship between the stress applied prior to

thermally cured prior to the stress-UV experiment.

6

5

UV cure (carried out

stress.

Samples have been

consecutively exposed without disturbing

used 4 times to give a

final

each pulse an equilibrium

dosage equal

stress

its stress state.

to that

used

was obtained before

Pulses of

in results

1

Joule/cm^ were

of figure

4. 14.

After

was applied

the next pulse

(figure 4.22). Plotting this stress increase as a function of
dosage illustrates that

of the stress occurs

in the first

few seconds of

Within 5 seconds of exposure to the
occurred. Additionally,

pulses

is

comparable

it

may

the ultraviolet cure (figure 4.23)

80%

light source,

be noted that the

to the state of stress after

between using pulses of energy versus one

most

full

1

of the

total stress increase

final stress state after

-

4

-

1

has

J/cm^

4 J/cm^ pulse. The difference

dosage was negligible.

Effect of Ultraviolet Curing on the Dimensional Changes

An

interesting experiment with the present apparatus

was

to

shrinkage which occurred during an ultraviolet cure rather than the

of a measurement

however,
materials.

may

this type

not be relevant to the material

of information

is

typically quoted

when

measure the
stress.

This type

applied as a coating;

by manufacturers of coating

The dimensional changes of uniaxial samples measured during an

ultraviolet cure are

shown

in figures

4.24 and 4.25.

It

can be seen

shrinkage for a sample which has been thermally cured prior to

that the final

UV, was 0.19%. For

a sample which has just been exposed and developed, with no thermal cure, the

shrinkage due to ultraviolet cure was 0.33%.

Conclusions

A

thermal mechanical analyzer has been used to determine the effect of

thermal cure on the state of stress of a photoresist coating. Various curing sequences
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Figure 4.22: Effect of

1

J/cm^ increments of

UV dosage on the stress monitored by a

stress-UV experiment. The sample has been thermally cured (150°C for
the experiment.
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1

hour) prior to

Figure 4.23: Stress as a function of

1

J/cm^ pulses, the sample has been

thermally cured prior to the experiment.

110

Figure 4.24: Effect of ultraviolet cure on the uniaxial dimension of a
photoresist sample.

The sample has been exposed

(0.25 J/cm^),

(aqueous sodium carbonate), and thermally cured (150°C for
experiment.

HI

1

developed
hour) prior to the

Figure 4.25: Effect of ultraviolet cure on the uniaxial dimension of a
photoresist sample.

The sample has been exposed

(0.25 J/cm^), developed

(aqueous sodium carbonate) prior to the experiment.
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were

tested. It

was found

that thermal shrinkage associated
with cooling following

cure was the predominant source of the residual

stress.

A technique has been developed to measure the stress increase in a
photoreactive polymer during thermal and ultraviolet cure.

and comparing
state is

it

to force-temperature experiments,

dependent on the

maximum

it

By

using this technique

was shown

that the final stress

temperature experienced by the sample, as well as

the modulus, and coefficient of thermal expansion of the
material at the time
ultraviolet source is turned off. Residual stress
to be negligible,

It

from

ultraviolet chemistry

when

the

was shown

and temperature changes predominate as the source of residual

stress.

has also been shown that the final stress state compares well with predictions based

on incremental

linear elasticity.

The measured
found

in coatings

uniaxial stress has been related to the 2-dimensional stresses

based on linear

elasticity,

and shown

to

compare reasonably well

to

the stress state of the coating determined by vibrational holographic interferometry
(5.2

MPa).
This technique has also proven to be useful for determination of the influence

of ultraviolet dosage on the residual

stress.

evolution developed during the early

It

was found

that

most of the

stress

moments of cure.
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CHAPTER 5

THE EFFECT OF ULTRAVIOLET CURING TEMPERATURE ON THE STATE
OF STRESS AND MECHANICAL PROPERTIES OF PHOTORESISTS

Introduction

One

of the desired objectives of

this project is to

be able to improve the

mechanical performance of photoresist coatings. As stated previously, the property
that is at the core of
stress

mechanical performance

developed from processing. Residual

problems associated with coatings,

method

to increase the

When

is stress,

stress is the driving force for

e.g., failure

several processing steps that

may

is

is

to

reduce the residual

the

may

lead to residual stress. Exposure to ultraviolet light

lead to residual stress.

UV curing stage is critical

cool

down

stress.

processed on a printed wire board, there are

results in a polymerization reaction as well as temperature changes.

variables

many

and delamination. Therefore, one

performance of a coating

a photoresist coating

and specifically the residual

It

has been established in chapters 3 and 4 that

when considering

process following cure.

It

Each of these

processing

stress,

and specifically the

has also been established that the stress

is

simply determined by three variables: the coefficient of thermal expansion, modulus,

and

maximum temperature experienced
To reduce

the stress, the

during cure

method seems

clear.

[1].

One may reduce one of the

three

variables just mentioned: coefficient of thermal expansion, modulus, or the heating.

Perhaps the easiest of these three variables
temperature.

To

to control is the

processing variable of

reduce the coefficient of thermal expansion or the modulus, a

modification to the coating material would be required; however, to reduce the

temperature during processing requires a
modification to the equipment used for
processing.

Many

times this type of modification

This chapter will present the results of a

is

set

relatively simple

and economical.

of experiments illustrating the

influence of ultraviolet cure temperature on the state of
stress. Since the overall

mechanical performance

is

important, the effect of cure temperature on the

mechanical properties will also be established.

Experimental

The methods used
presented in

this section,

used to characterize the

to obtain an ultraviolet cure at various temperatures will

be

along with a brief description of the experimental techniques

final

samples.

Ultraviolet Curing at Various Temperatures

To

obtain ultraviolet cure

were used. Since
project,

it

was

at

different types of

critical to

various temperatures, three different instruments

equipment were used during

compare samples cured

diagram of the various methods used

at

this stage

equivalent dosages.

A

of the

schematic

to obtain different temperatures during

UV cure

are presented in figure 5.1.

Control samples were cured in an industrial curing oven with a dual

medium

pressure mercury arc lamp (bulb intensity of 200 WPI). The dosage used was 4 J/cm^.
Exit board temperatures were measured to be 220°C.

Much

of this heat was from a

significant infrared portion of the light.

An oven

capable of reducing the temperature during ultraviolet cure was

similar to the industrial

model described

in the

117

previous paragraph; however, the

Cooling Coils

Dichroic Mirrors used for Cool

UV

Temp: 30°C

Figure

5.

1

:

Schematic diagram of the three mechanisms used to reduce the

temperature during ultraviolet curing.
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placement of cooling

coils

around the

light source

experienced. The exit board temperature obtained

reduced the temperature the coating

To

obtain a cure close to

room

at a

dosage of 4 J/cm2 was 153°C.

temperature, an exposure illuminator produced

by the Oriel Corporation was used. This apparatus used two dichroic mirrors
eliminate the infrared portion of the emitted spectrum.

source

beam was very

wavelengths of

light

mid and near

specific to the

between 320

-

420 nm).

A

The

to

resulting spectrum of the

UV spectral range (i.e.,

standard dosage of 4 J/cm^ resulted in

an exit board temperature of 30°C.

Determination of Residual Stress and Mechanical Properties

The

residual stress

was determined using

interferometry (described in chapter

2).

vibrational holographic

Mechanical properties were determined using

an Instron hydraulic tensile testing apparatus, model 1321.
Infrared spectroscopy

was performed on

a transmission fourier transform

infrared spectrometer (FTIR). Samples were prepared by grinding samples at liquid

nitrogen temperatures to a fine powder. This powder was combined with

and melt pressed

into a cylindrical

measurements were performed

KBr powder

sample suitable for FTIR. All infrared

in a nitrogen atmosphere.

Sample Preparation

All samples were prepared on

tin

coated steel substrates. Samples used for

cm.
residual stress measurements were prepared as samples with a geometry of 15 xl 5

Samples prepared for
100 X 5 X 0.1

tensile tests

were formed

into tensile strips with

dimensions of

mm using lithographic artwork during the exposure stage of processing.

119

Samples were prepared with two predominant curing
sequences;
ultraviolet cure,

and

ultraviolet prior to thermal cure.

just ultraviolet cure at

obtained with a

room temperature

room temperature

Effect of Ultraviolet Curing

to

determine

i.e.,

thermal prior to

A

few samples were cured with

if

a stress free coating could be

cure.

Tempera ture on

the State of Stress and Mechanical

Properties of Photoresist with a Dual Tiire

The

residual stress and mechanical properties of samples cured at various

temperatures are presented

Table

5.1:

in table 5.1.

Effect of cure temperature on the residual stress and mechanical

properties.

Thermal Prior to UV Cure
(Thermal: 150°Cfor 1 hour,
UV: dosage of 4 J/cm^)

Cure Condition

UV

Thermal Cure
(Thermal: 150°Cfor 1 hour,
UV: dosage of 4 J/cm^)
Prior to

UV Cure
Temperature (°C)

220

153

30

220

153

30

Residual Stress

5.6

4.9

1.3

10.2

8.5

4.8

47.7

38.5

32.5

47.5

43.7

39.1

Modulus (GPa)

3.3

3.1

2.5

3.7

3.6

3.7

Ultimate Strain (%)

2.5

1.8

2.4

1.8

1.8

1.9

(MPa)
Ultimate Strength

(MPa)

Statistical Error:

Residual Stress

=5 %

%
15 %

Ultimate Strength = 10

Modulus
Ultimate Strain

=
= 10 %.
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From

table 5.1,

it

can be observed that when the

UV cure temperature is

reduced, the stress correspondingly drops. As suggested in the
previous chapter, this

drop

in stress

should be a result of reducing the thermal stress that occurs due
to

thermal expansion mismatch between the coating and the substrate during
cooling
following cure.
in stress.

It

must be noted, however, there may be another reason

There have been previous studies

on the shrinkage of a sample
during a

From

have examined the effect of

that

these studies,

it

an increase

in

some

fashion, e.g., a coating, this shrinkage

Therefore,

in stress.

chemical reaction and

stress.

it is

suggested that there

increases.

modulus of the material following cure
possible

way

to

is

would correspond

a correlation

examine

if

As

amount of stress reduction expected by
be accomplished by using a linear
stress

will increase the final stress.

the reduction in stress

is

due

to decreasing

is to

predict the

a corresponding drop in temperature. This can

elastic relationship

may

between

stress

and

strain.

be used:

f -EAa \
<

1-v

AT

(5.1)

)

For the case where samples were thermally cured prior
in stress

between the

only in a 2-dimensionally constrained material, such as a

coating, the following equation

change

to

established in chapter 4, increasing the

thermal stresses during cooling versus chemical shrinkage effects

Considering thermal

If the material

Additionally, as the polymerization reaction continues,

modulus following cure

One

UV cure

has been illustrated that

UV cure a photosensitive material may shrink significandy.

were constrained

the final

[2,3].

for this drop

to

UV, one can

expected from cooling the material from a 153°C

220°C. The properties of a material

that

predict the

UV cure rather than

have been thermally cured prior to
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UV were

previously determined and reported in chapters
3 and

equation (5.1), and comparing to the experimental

comparison (see

Using these values

results;

in

one can observe a

fair

table 5.2). This type of relationship
suggests that a large portion of

the stress reduction associated a "cool"

amount of thermal

Table

4.

U V experiment is a result of decreasing the

stress during cooling following cure.

Comparison between
prediction from linear elasticity.
5.2:

the experimental residual stress reduction and the

Properties used:

AT =

67°C,

E=

150 MPa, and

Aa = 76 ppm/°C, v = 0.33

Linear Elasticity

1.14

Experimental

MPa

0.71

Examination of the mechanical properties
important trends.

If the

during cooling, than

it

reduction in stress

would be expected

is

due

that the

samples would be independent of the temperature
Considering the case of a sample that
the

modulus

from 220

to

are dependent

upon

is

in table 5.1 reveals several

to eliminating the thermal stresses

mechanical properties of the
at

which they were cured.

thermally cured prior to

the cure temperature.

153°C, considering the

statistical error

values of strength and modulus, no change

is

MPa

As

UV,

the strength

the temperature decreases

associated with the

measured

observed. However, by decreasing the

temperature to 30°C, the strength and modulus are significantly reduced. This
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and

may

suggest that decreasing the temperature results
in a reduction in the efficiency of the
crosslinking reaction.

As

the temperature

was decreased during

UV cure for a sample that has been

UV cured prior to thermal, the strength and the modulus exhibit no significant change.
One may

infer that reducing the temperature of these samples
does not significantly

effect the associated chemistry.

The observed

results

may

be explained by comparing the glass transition

temperatures of the materials being cured. The glass transition temperature of the
material during an ultraviolet cure
transition

is

important since materials above the glass

have a higher mobility of the functional groups than below.

cured below the glass transition temperature while the material

is in

extent of reaction would be expected to be dramatically reduced.

If a material is

a glassy state, the

Many

investigators

have established the relationship between curing a material above and below Tg
[4,5,6,7].

A

detailed study of

UV and thermal cure on the photoresist coating in the

present investigation has been carried out by

Tong (1992)

[8,9].

A DSC analysis was

used to determine the effect of various cure schedules on the glass transition
temperature of the photoresist under study. The glass transition temperature reported

was

the temperature at the inflection point of the observed second order transition.

For a material

that is only thermally cured, the glass transition temperature

reported to be 34°C. In this case,

rubbery

state

the coating

is

cured

at

220 and 153°C

it is

in a

and the mobility of the functional groups would not be greatly

diminished. However,
is

when

was

when

being ultravioletly cured

is

the cure temperature

a glass.

It

is

reduced to 30°C, the material that

would be expected,

that curing a material in a

the
glassy state would gready reduce the mobility of the molecules, as well as reduce

efficiency of the reaction. This type of reasoning

temperature on a material thermally cured prior to
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would explain the influence of cure

UV. As

suggested, as the

temperature decreases, the stress would drop due to
the elimination of the thermal
stresses associated with cooling, and the mechanical
properties

would not

significantly

change. However, when the temperature decreases
below the glass transition
temperature; the crosslinking reaction would be limited,
and the stress as well as the

mechanical properties would be reduced.
If a

sample

is

UV cured prior to thermal, decreasing the temperature to 30°C

results in a significant drop in stress with

properties.

exposed

The

significant

by Tong (1992)

first.

The

30°C would be more

change

mechanical

to be -1 1°C[8,9].

state.

During a

Thus, ultravioletly curing this

efficient than a coating that has

been thermally cured

results in table 5.1 agree with this discussion. Table 5.1 illustrates the trend

that decreasing the temperature during cure

exposed

in the

UV cure at 30°C, the material temperature is above the glass transition

temperature leaving the coating in a rubbery
material at

change

glass transition temperature associated with a material that has been

to lithography only is reported

subsequent

no

to

to

30°C of a material

that is

UV prior to thermal cure yields a reduction in stress with no significant

in the

The

from 220

mechanical properties.

crosslinking reaction associated with an ultraviolet cure

reaction that takes place with a multifunctional vinyl acrylate.

The

is

a free radical

reaction takes

place at the expense of the double bond. Infrared spectroscopy can be used to monitor
a relative extent of the reaction by monitoring the carbon double bond.

Multifunctional acrylates have two clear bands associated with the double bond
nature.

Near 1416 cm-l

is

Additionally, at 1630 cm'l

FTIR

a band which
is

is

associated with a

a band associated with a

scans on samples which have been

C=C

=CH2 deformation.

stretch [5,10].

Performing

UV cured at various temperatures can be

used to gain qualitative insight about any changes which may occur chemically.
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The

results of

FTIR

studies are presented in figures 5.2

1406 cm-l appears as a shoulder of a
assigned to bending of a

change

CH3

larger

band

and

5.3.

The band

1384 cm-l. This larger band

at

in cure temperature. Therefore,
a visual

there

is

visible shoulder slighdy present.

intensity of the shoulder increases.

a temperature of 30°C.
at

is

group. This band intensity should not
change upon a

comparison between the intensity of

the peak at 1406 and 1384 cm-l ^an be made.
For a thermal cure prior to

220°C

at

With

As

UV,

at

the temperature decreases, the

a large increase

when

the sample

The same behavior can be observed with

the

is

cured

at

peak associated

1630 cm-l.

When

samples are

220 and 153°C,

there

is

UV cured prior to thermal, with UV cure temperatures of

no

significant shoulder observed. Additionally, at cure

temperatures of 30°C, the shoulder begins to appear; however, the increase in
intensity is

much lower

than that observed with the alternative cure sequence. These

results support the inference

made

earlier that as the cure temperature approaches, or

more importandy becomes lower than

the glass transition temperature, the efficiency

of the chemical reaction decreases.

Effect of

Room Temperature Ultraviolet Cure on Photoresist Coatings with

a Single

UV Cure

The hypothesis up

to this point has

processing of photoresist coadngs
cooling following

UV ciu"e.

is

been that the

stress associated

a result of the thermal stress that evolves during

This theory suggests that one

may perform an

UV cure at room temperature and obtain a stress free coating.
this point

isothermal

The discussion up

to

has concentrated only on dual cured systems. The effect of thermal curing

has not allowed a complete

was

with the

test

of

this hypothesis.

ultravioletly cured isothermally at

room

For

this reason,

a series of samples

temperature. These samples were only
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1.4

30°C

Q_4

I

1,700

1

1

1

1

1,600

1

\

1

1,300

1,400

1,500

1

Wavenumber (cm- 1

Figure 5.2: Effect of cure temperature on the FTIR spectrum.
All samples have been thermally cured (150°C for
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1

hour) prior to

UV

(4 J/cm^).

1.4

Q_4

'

'

1700

1

1

1

1600

1

1500

I

I

1

1400

1300

Wavenumber (cm- 1

Figure 5.3: Effect of cure temperature on the FTIR spectrum.
All samples

have been

UV cured

(4 J/cm^) prior to a thermal cure
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(150°C for

1

hour).

ultravioletly cured,

and never experienced a thermal

residual stress and mechanical properties

holographic interferometry and tensile

The

5.7.

From

at

30°C and 150°C

figure 5.4,

it

Characterization of the

carried out using vibrational

tests.

results of the residual stress

samples cured

was

cure.

and mechanical property characterization of

as a function of dosage are presented in
figures 5.4

can be observed that

in a standard or "hot"

UV curing

apparatus, the stress increases as a function of dosage. This
increase in stress
result of an increasing cure temperature as the sample

is left in

-

the cure

is

a

oven for

longer periods of time to gain the desired dosage. At 4 J/cm^ the
temperature was

equal to 150°C. In contrast, for a sample that was cured
the coating

cure

at

is stress free

room

at

room temperature or 30°C,

as the dosage increases. Thus, by performing an isothermal

temperature, a stress free coating was obtained.

This result
protect the board.

is

of no value unless the mechanical properties are sufficient to

A

comparison of the mechanical properties as a function of UV

dosage for both curing temperatures are presented

in figures 5.5

-

5.7.

It

can be

observed that ultimate strength and modulus are independent of the temperature the
materials are cured.

The only

significant difference observed regarding the

mechanical properties was the ultimate
ultimate strain of the samples cured

cured

at

to

At

room temperature were

all

UV dosages, the

greater than samples

150°C

Decreasing the

found

at

strain (figure 5.7).

UV cure temperature of a photosensitive coating has been

be advantageous with respect to the mechanical performance. For the sample

that has only
illustrated

been

UV cured, the mechanical performance has been greatly improved,

by a reduction of the

state

values comparable to a coating cured

of stress while maintaining strength and modulus
at

150°C. Additionally, the ultimate strain has
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o
o

1.5

o

00

•

I-H

GO

0.5

o

0

(0.5)

0.5

1

2.5

1.5

UV Dosage

Figure 5.4; Comparison of the residual

stress

UV cured at

4.5

3.5

(J/cm^)

between samples

that

have been

150°C and 30°C. Samples have been exposed and developed only.
The samples did not experience a thermal cure. Residual stress measurements of
samples cured

at ISO^'C

from reference

[9].

129

UV Dosage (J/cm^)
Figure 5.5: Comparison of the ultimate strength between samples that have been

UV cured at

150 and 30°C. Samples have been exposed and developed only. The

samples did not experience a thermal cure.
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2.5

150°C 30°C
o

03

1.5

o

O

o
8

o

o

o

0.5

0
0

UV Dosage (J/cm^)
Figure

5.6:

Comparison of the modulus between samples

UV cured at 150 and

SO^'C.

that

have been

Samples have been exposed and developed only. The

samples did not experience a thermal

cure.
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20

150°C 30°C
o

15

w
(-1

0
4—

B

5
o
o

o

o

0

0

UV

Dosage

(J/cm^)

Figure 5.7: Comparison of the ultimate strain between samples that have been

UV cured at

150 and 30°C. Samples have been exposed and developed only. The

samples did not experience a thermal cure.
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been increased. Each of these changes

in properties

would

result in a superior

coating.

Conclusions

In chapter

4

it

was

illustrated that the source of the stress during

an ultraviolet

cure was due to thermal stresses arising during cooling following cure.
In
it

was

stress

the

successfully

shown

chapter

by reducing the temperature during ultraviolet cure, the

could be reduced. The reduction

amount of thermal

that

that

this

was predominandy from decreasing

in stress

stress occurring following cure.

However,

it

was

also

shown

by reducing the temperature, the crosslinking reacdon efficiency was also

reduced.

Performing an

ultraviolet cure at temperatures

lower than standard industrial

temperatures and well above the glass transirion temperature resulted

in a

stress while maintaining the mechanical properties. Adversely,

ultraviolet cure

was

when

drop in

carried out below the glass transition temperature, a degradation of the

mechanical properties began
advantageous

if

to occur. Thus, lowering

one insures the material remains

at

UV cure temperatures is

a temperature above the glass

transition temperature.

It

was

also demonstrated that performing an ultraviolet cure at

room

temperature would produce a stress free coadng. The cure schedule chosen to
illustrate this effect

coadng with a

ultraviolet cure only.

A

glass transidon temperature below

illustrated that the

drop

was

mechanical properties of

in cure temperature

from 150°C

to

this

30°C.
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thermal cure was not used, leaving a

room

temperature.

It

was

also

coadng were not reduced due

to a
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CHAPTER 6

THE INFLUENCE OF SUB-AMBIENT TEMPERATURES ON THE STATE OF
STRESS AND MECHANICAL PROPERTIES

Introduction

One of the

harsh environments that printed wire boards experience

cold temperatures. Shrinkage will typically occur when a material

case of a coating constrained on a substrate,

When

this

way

shrinkage will result in a stress.

it

samples when cooled

to gain insight into the behavior of

that the stress in a coating

is

failure

serves.

the stress at sub-ambient temperatures with the ultimate strength.

remembered

The

important since failure of the coating

often leads to failure of the device that

One method
compare

is

of

cooled. In the

the stress increases to a critical value, failure of the coating results.

that typically occurs is fracture. This fracture
in this

is

is that

It

is to

must be

a 2-dimensional stress while tensile tests

(used to determine the ultimate strength) are uniaxial.

A relationship between

a

uniaxial tensile test and a 2-dimensional coating stress must be established. Various
theories are present to describe failure criterion for biaxial stressed materials

These

failure criteria

have been presented

failure in a coating during cooling
criteria for the tensile stress

observed that for a

is

regime can be presented as

maximum normal

maximum

criterion, the

normal or shear

maximum

If it is

assumed

that

a result of tensile stresses, the various failure
in figure 6.1. It

can be

or shear stress failure theory, a simple one-to-

one relationship between a uniaxial and
the

in detail in chapter 1.

[1].

biaxial stress exists.

stress criterion with the

Even when considering

maximum distortional

difference between the failure criteria in the tensile

energy

mode

is

(

50

0

10

5

15

20

25

30

40

35

Stress(lst principle direction),

Figure 6.1: Comparison between the

normal

stress,

strength of 40

and

maximum

maximum distortional

45

50

MPa

energy,

maximum

shear stress criterion for a coating with a breaking

MPa.
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MPa.

In this chapter, a discussion concerning the appropriate failure criterion
for the

photoresist coating will be presented.

The

effect of performing an ultraviolet cure at various temperatures

on the

stress-temperature behavior will also be presented; and, the advantages and

disadvantages associated with "cool" ultraviolet curing will be established.

Experimental

Two

techniques were used as the main focus of

deflection and uniaxial tensile
stress

tests.

With

this chapter:

the aid of these

membrane

two techniques residual

and mechanical properties were monitored as a function of temperature. Both

of these techniques have been discussed

in detail in chapter 2;

however, a brief

description concerning the details specific to sub-ambient experiments will be

presented.

A Membrane Deflection

When

to

is

membrane,

a.

is

pressed in the center of a
to the

found to be proportional

proportionality constant has been

in the

Determine Stress

a small flat circular probe

restoring force, P,

The

Technique

shown

to

The equation describing

drum

head, the

magnitude of the deflection,

Uq.

be dependent upon the residual stress

this

behavior was presented earlier, and

restated below:

(6.1)
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where the parameters

in this equation are: the thickness

the sample radius (b).

The

illustrated in chapter 2.

rigid materials is

problems with

membrane

It

the probe radius (a),

validity of this equation with various coatings
has

more complicated.

rigidity at the

A

edge of a

was

spherical probe
flat circular

must be used

membrane

was found

The

was

this

GPa

at

room

magnitude combined

that rigidity played an important role during the

deflection experiments

spherical probe

to avoid

also discussed in chapter 2.

temperature and a thicicness of 100 \im. With a modulus of
it

been

probe. This modification to the

photoresist coating in this study has a modulus close to 3

with the thicicness,

and

has also been illustrated that the experimental approach
for

deflection technique

The

(t),

when

a

flat circular

probe was used. Therefore, a

required.

residual stress as a function of temperature

was accomphshed by

combining the membrane deflection apparatus (presented

in figure 2.5)

with an

environmental chamber capable of maintaining a constant temperature between -65

and 200°C. At very low temperatures, dry ice/acetone baths were used
stabilize the temperature.

N)

that

The load was measured using

was placed just outside

to help

a load cell (capacity of 44.5

the environmental chamber.

Likewise, the

displacement was determined using a linear-variable-differential-transformer (LVDT)
also placed outside the chamber

(LVDT range 4.8 mm).

During a residual

stress

experiment, the displacement was ramped between 0 and 50 |im while the load was

monitored. The raw data was collected and analyzed on a computer.

Tensile Tests to Determine Mechanical Properties

The mechanical

properties at various temperatures were determined using an

Instron hydraulic tensile tester (model 1321), equipped with the
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same environmental

chamber used with membrane
environmental chamber for

deflection experiments. Samples were left in the

minutes before testing to obtain an equilibrium

at least 5

temperature. Samples were tested at a strain rate of 1.3 %/minute.

Samples were prepared on

form

tensile strips with a

tin

coated steel substrates, using lithography to

geometry of 100 x 5 x

from the substrate by amalgamation of the

mounted on metal

0.1

mm. Samples were removed

tin interlayer

tabs with a gauge length of 75

with mercury. Samples were

mm (see figure 2.2 for a schematic

of the clamping arrangement used).

The Influence of Temperature on

To

the Mechanical Performance

understand the mechanical performance for a photoresist coating,

important to determine the relationship between the
ultimate stress limitations
to understand

how much

(i.e.,

stress

stress in a coating

it is

and the

the ultimate strength). In other words, the objective is

may

be applied to a photoresist coating before failure

occurs. In this study, the stress will be applied by decreasing the temperature.

Determination of the State of Stress

The

at

Sub- Ambient Temperatures

stress of the photoresist coatings under investigation

range of temperature from 30 to -65°C.

examined (thermal

Two different

was measured over a

curing conditions were

prior to ultraviolet cure, and ultraviolet prior to thermal cure).

results are presented in figure 6.2.

with decreasing temperature

It

The

can be observed that the stress increases linearly

until the coating obtains a critical stress

occurs.
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where

failure

50

0
-60

-40

-20

40

20

0

Temperature (°C)

UV prior to thermal

Thermal prior to

UV

o
Figure 6.2: Stress-temperature behavior of a photoresist cured with different
curing sequence. All thermal cures carried out

dosages were 4 J/cm\
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at

150°C for

1

hour, and

UV cure

The

stress-temperature behavior

Considering thermal stresses developed
relationship between stress and strain

d<y

may be

described using linear elasticity.

in a 2 dimensional coating, a linear elastic

may be

written in the following form:

= --^E(ac-as)dT

(6.2)

(l-D)

where v

is

the Poisson's ratio,

E

is

the Young's modulus,

qj. §

thermal expansion of the coating or substrate, respectively,
temperature.

If

the coefficient of

the stress,

and

T is the

one uses a modulus of 3.0 GPa, a coefficient of thermal expansion

for the coating and substrate of 86 and

1 1

|i.m/m/°C, respectively,

of 0.33; the slope of the stress-temperature curve

The

o is

is

is

and a Poisson's

ratio

predicted to be -0.34 MPa/°C.

slopes of the experimental stress-temperature curves in figure 6.2 are within 15

%

of this prediction.
It

was established and

illustrated in figure 6.2 that these photoresist coatings

MPa. The

typically failed at a stress between 30 and 45

experiment

is

performance

failure stress in this

very close to the room temperature ultimate

is

the primary objective to establish,

effect of sub-ambient temperatures

on the ultimate

Determination of the Mechanical Prope rties

The mechanical

at

Since mechanical

was important

to understand the

strength.

Sub-Ambient Temperatures

sub-ambient
properties were determined as a function of

temperatures using uniaxial tensile

tests.

as a function of temperature in figure 6.3

curing schedules of

it

stress.

interest, i.e.,

The mechanical property
-

6.8.

results are plotted

Results are reported for

two dual

UV prior to thermal, and thermal prior to UV cure.

141

Temperature (^C)

Figure 6.3: Effect of sub-ambient temperature on the ultimate strength of a

sample

that has

been

UV cured (4 J/cm^) prior to thermal cure (150°C for

142

1

hour).
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Figure 6.4: Effect of sub-ambient temperature on the modulus of a sample
that has

been

UV cured (dosage: 4 J/cm^) prior to thermal cure (150°C for

143

1

hour).
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Figure 6.5: Effect of sub- ambient temperature on the ultimate

sample
for

1

that has

been

UV

strain

of a

cured (dosage: 4 J/cm^) prior to thermal cure (150°C

hour).
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Figure 6.6: Effect of sub-ambient temperature on the ultimate strength of a

sample

that has

been thermally cured (150°C

(dosage: 4 J/cm^).
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for

1

hour) prior to

UV cure
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Figure 6.7: Effect of sub-ambient temperature on the modulus of a sample
that has

been thermally cured (150°C for

1

146

hour) prior to

UV cure

(dosage:

4

J/cm^).
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Figure

sample

6.8:

Effect of sub-ambient temperature on the ultimate strain of a

that has

been thermally cured (150°C for

(dosage: 4 J/cm^).
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1

hour) prior to

UV cure

There are several points of interest

that

may be

established.

remains relatively constant as the temperature decreases.
scatter in the data is broad,

due

It

The

must be noted

to the brittle nature of the samples.

As

temperature decreased, the brittleness of the samples increased. For

samples were sensitive

to voids

and defects

strength
that the

the

this reason, these

that led to a variation in the final failure

properties. Thus, a general trend concerning the ultimate strength as a function of

sub-ambient temperature can be established; however, minor changes and
be

lost

due

to the accuracy of the results.

The modulus was found

to steadily increase as the

samples were cooled. For a

UV cured prior to thermal, the modulus increased from

sample that was
approximately 3
increase in

details will

-

4 GPa. Samples

modulus from 3

to 5

that

were thermally cured prior

to

UV exhibit an

GPa. These modulus changes were measured over a

range of 25 to -40°C.

As

previously mentioned, the photoresist coatings became increasingly

as the temperature decreased.

As would be

brittle

expected, the ultimate strain decreased as

the samples were cooled.
Finally,

it

was observed

that there

properties regarding cure sequence.

was very

The only

litde difference in the

significant difference

curing schedules was that the samples cured thermally prior to
brittle

leaving them

more

mechanical

between the two

UV were slighdy more

susceptible to flaws and voids increasing the scatter in the

results.

Comparison of the Residual

As suggested earlier,
strength of a coating.

Stress an d the Ultimate Strength

it is

not sufficient to simply measure the stress or the

The objective

is to

gain an understanding of the mechanical

148

performance.

To do

this, it is

residual stress. Additionally,

important to compare the uhimate strength with the
it

will

be important to establish the relationship between

a 2-dimensionally constrained stress and a uniaxial tensile strength.

A graphical comparison between the ultimate strength and the stress is
presented in figure 6.9 and 6.10. Failure in either coating typically occurred
stress

due

to lowering the temperature

was equivalent

when

the

to the ultimate strength. This

correlation agrees well with the failure criterion presented earlier.

The material under
the

maximum normal

investigation

was

brittle,

so failure will most likely follow

or shear stress failure criterion.

A detailed mathematical

description of these failure criteria has been presented in chapter
description of a normal and shear stress failure criteria

One must remember

that these criteria are used as a

integrity of a 2-dimensional coating.

Any

set

area will result in a stable coating; however,
critical limit,

shown by

present study, the

This focus

is

due

first

boundary of the

presented in figure 6.1
to

1.

determine the structural

of biaxial stresses within the enclosed

when

a shear or normal stress exceeds the

failure criterion, failure will occur.

assumption that failure
It

can be noted that

between the normal and shear

With

map

A schematic

In the

quadrant of the failure criterion will be of primary concern.

to the

stresses are in tension.

the

is

1.

in a coating will take place

in this quadrant that there is

when

the

no difference

stress failure criterion.

the present data, a

measured. Performing a tensile

few points on
test,

the failure criterion have already

been

and determination of the ultimate or breaking

strength of a uniaxial sample in the primary stress direction yields the limits of the
failure criterion along the axis of the diagram. Additionally, a 2-dimensional breaking
stress has

cool.

The

been obtained using a membrane deflection technique during a sub-ambient
stress

when

the coating fails correlates to a point at 45° in the first

quadrant, assuming the samples to be isotropic with the stress.

149

The

biaxial stress

Temperature (°C)

Figure 6.9: Comparison between the ultimate strength and the
of sub-ambient temperature. Samples were

thermal cure (150°C for

1

hour).

150

UV cured (dosage:

stress as a function

4 J/cm^) prior to

60
1.2

Figure 6.10: Comparison between the ultimate strength and the stress as a function

of sub- ambient temperature. Samples were thermally cured (150''C for
prior to

UV cure

(dosage: 4 J/cm^).
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1

hour)
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Figure

6.

1 1

:

(x)

Schematic diagram of the comparison between a normal and shear

stress failure criterion.
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behavior of these coatings was determined using holographic
interferometry. This
technique was developed by Tong
pattern obtained during vibration

membrane,

biaxially stressed

appear twice

The

two

at

et al.

[2J.

It

(1992) utilizing the shape of the resonant

was found by Tong

wave

the standing

et al.

(1993) that in a

associated with the

first

harmonic will

different frequencies switching at a direction of 90°
to each other.

biaxial stress is simply related to the ratio of the

two frequencies

The

that occur.

photoresist coatings prepared in this study were examined in this fashion,
and no
splitting

of the

these coatings

first

is

harmonic was observed. Thus,

was concluded

it

isotropic within the plane of the coating.

With

that the stress in

this conclusion,

it

can

be observed that the experimental comparison between an isotropic 2-dimensional
stress

and a uniaxial

normal or shear

tensile strength follow the presented failure criterion, either the

stress criterion.

be observed between a
experiment. Thus,

it

In other words, a simple one-to-one correlation

tensile test

may

and the 2-dimensional membrane deflection

be concluded that when the temperature

stress will increase linearly until

it

can

becomes equivalent

is

lowered, the

to the ultimate strength

where

failure will occur.

From
and shear

this type

of discussion, there

is difficult for

to distinguish

between a normal

stresses

is

in

compression and the other

is in

tension. This

a coating; however, by observing the relationship between the normal

and shear

about the

no way

stress failure criterion unless the coating can be forced into a stress state

where one of the principle

stress

is

mode

stress using

of

failure.

Mohr's

circle,

some

interesting insight

may

be gained

For a detailed description of the use of Mohr's

references are available [1,3]. For this discussion,

between the normal and shear

let

stress results in a circle.

it

circle,

be stated that the relationship
If

one plots the normal

stress

along the horizontal axis of a Cartesian coordinate system and the shear stress along
the vertical, the entire state of stress at any orientation to the principle directions
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is

represented by a

circle.

The normal

principle stresses will be points along the

horizontal axis. For the case of a uniaxial tensile test drawn
in the direction of the
first

principle stress direction, a point can be placed on the
positive side of the normal

stress axis corresponding to the stress obtained during the
experiment.

and third principle stresses
the diagram.

The

will be zero

and will correspond

may be

resulting Mohr's circle

stress that occurs is at the far right

and the

maximum

Second, the stress

shear stress will occur

any orientation

state at

determined by rotating around the

circle

edge of the

at the

The

way

to

normal or shear

circle

the

maximum

along the horizontal axis,

to the principle stress direction

determine
stress is

maximum
if

may be

an angle of 26, where 0 corresponds to the
first

principle stress direction.

limit

may

be the shear or the normal

the failure that occurs during a tensile test

is

stress.

due

test, if

the normal stress

then the angular displacement from Mohr's circle
respect to the tensile direction on the sample.

is

is

to a

the cause of failure,

180°, correlating to 90° with

The shape of the

resulting failure is

illustrated in figure 6.12. If the shear stress is the resulting failure stress, the

circle orientation is 90°, correlating to a

direction. This shear stress failure

approach, insight into the

mode

is

sample

also

of failure

failure of

shown

initiates at the

obtained.

A

154

this type

of

schematic illustration
is

edge of the sample propagating

to the tensile direction. Additionally, near the

With

in figure 6.12.

may be

Mohr's

45° with respect to the draw

of the type of failure obtained with these photoresist materials

The crack

One

by examination of the orientation of failure. Using the

established Mohr's circle for a tensile

6.13.

circle.

tensile test, the stress increases until the ultimate strength is obtained.

stress that reaches this

possible

first is that

Two

upper most vertical point on the

angular orientation in a sample with respect to the

During a

on the origin of

illustrated in figure 6.12.

important aspects of the circle must be established. The

normal

to points

The second

presented in figure

at

an orientation of 90°

halfway point through the width, the

Figure 6.12: Schematic diagram illustrating the use of Mohr's circle to predict
failure of tensile test samples.
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Figure

6.

1

3:

Representation illustrating the type of failure in most tensile samples

of the photoresist coatings.
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crack results in a shatter with large portions of
the sample broken into several pieces.

As expected
and
It

with

brittle materials, the entire

crack propagation time

is

extremely fast

difficult to visualize. Therefore, only
qualitative observation will be attempted.

can be summarized

reaches the

that

it

appears that the failure

critical ultimate strength;

shatters.

Therefore,

materials

is

it

is initiated

a normal stress failure criterion. Additionally,

dimensional coating

is

the normal stress

however, as the crack propagates, the sample

appears that the failure criterion that

one-to-one relationship

when

important for these

is

remember

that a simple

present between a uniaxial tensile stress and a 2-

stress.

Mathematically, a relationship describing the failure

criterion of the photoresist coating in this investigation can
be written as

=

where a(T)

The

is

(6-3)

^ultimate

the stress at any temperature, and
Ouitimate

Effect of

UV

is

the ultimate strength.

Cure Temperature on the Sub-Ambient

Stress

Temperature

Behavior

In the previous discussion,

mechanical performance
the stress

is

significant.

is to

it

was shown

lower the

stress

due

one way

to

improve the

to processing.

As proven

that

earlier,

a result of processing, and specifically ultraviolet and thermal cure
If this stress

could be reduced, without changes to the ultimate strength,

modulus, and coefficient of thermal expansion, a lower decrease
be obtained before failure occurred.

can be observed

is

in

temperature would

Illustrating this graphically (see figure 6.14)

it

that decreasing the processing stress results in vertical shifting the

stress-temperature curve downward. Simply carrying out a vertical shift assumes that
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Figure

6. 14:

Stress-temperature behavior illustrating

to a reduction in the breaking temperature.

40 MPa.
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The

how

a

drop

ultimate strength

in stress leads
is

taken as

the

modulus and

coefficient of thermal expansion
remain constant; thus, the slope of

the stress-temperature trace

would not change. With

this

downward

shift in the stress-

temperature behavior, and assuming a constant
ultimate strength, a lower temperature

may

be obtained before

decrease in the

minimum
As

From

failure.

room temperature

this

stress

simple prediction using linear elasticity, a

of 5

MPa would result in

a decrease in the

temperature obtained before failure by 15°C.
described in chapter

stress that occurs

method has been presented

that will

from processing. This was carried out by reducing

during ultraviolet cure.

above the glass

5, a

It

was determined

reduce the

the temperature

that if the cure temperature

was maintained

transition temperature of the material, the stress
could be lowered

the ultimate strength

would remain unchanged.

this reduction in stress results in

It

and

will be important to determine if

an increase in mechanical performance as previously

described.

The
and 153°C

effect of sub-ambient temperatures

is

shown

in table 6.1

and

that decreasing the temperature to

6.2.

It

on samples

that

were

UV cured at 220

can be observed from tables 6.1 and 6.2

-55°C has the same

effect

on each sample

regardless of the cure temperature. Additionally, the ultimate strength remains
relatively constant

upon cooling, and

the

modulus increases from approximately

3.5 to

5 GPa. These samples appear to be following the overall objective. With the room

temperature stress reduced by performing

UV cure at lower temperatures, and the

ultimate strength maintained constant upon cooling,

it

would appear

temperature obtained before failure occurs should be lowered.
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that the

minimum

Table

6.1

:

Effect of

UV cure temperature on the tensile properties at room

temperature.

Cure Schedule

UV Prior to Thermal

Thermal Prior

220

220

to

UV

Exit Board

Temperature

153

153

("C)

Ultimate

33.7 ±9.5

32.3

±5.3

40.9

± 9.4

3.42 ±0.1

3.47

± 0.3

3.27

± 0.2

3.01

±0.3

±0.3

1.45

±0.2

1.91

±0.6

2.15

±0.8

34.16 ±9.6

Strength

(MPa)
Modulus
(GPa)

Ultimate Strain

1.4

(%)

Table

6.2:

Effect of

UV cure temperature on the tensile properties at a temperature of

-55^C

Cure Schedule

UV Prior to Thermal

Thermal Prior

220

220

to

UV

Exit Board

Temperature

153

153

(°C)

Ultimate

25.1

±4.9

30.0

±

5.0

32.2±

11.1

30.1

±5.4

± 0.2

Strength

(MPa)

Modulus

4.58 ±0.5

5.15 ±0.3

5.25

±0.3

5.06

0.96 ±0.1

0.62

± 0.2

0.53 ±0.1

(GPa)

Ultimate Strain

0.48

±

0.2

(%)
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The
cured

at

stress as a function of temperature for

220 and 153°C

prior to thermal

measured as the samples were heated

to

is

shown

65°C

samples that were ultravioletly
in figure 6.15.

(a value

sample cured

returned to the identical

at

220°C when heated and cooled

It is

was

to

interesting that the

room temperature

Conversely, for a sample that was

stress.

stress

above the glass transition

temperature), held for 15 minutes and then cooled to
-60°C.
stress for a

The

UV cured at a

temperature of 150°C when heated above the glass transition
temperature and returned
the to

room

temperature, the stress was significantly higher following annealing.

post annealing stress was similar to the stress obtained for a sample

220°C. In

fact, as

UV cured at

both of these samples were cooled, their stress-temperature

behavior was identical. The added advantage of reducing the

reduced temperature
reducing the

The

UV cure was erased due to annealing.

critical failure

stress

by performing a

The desired objective of

temperature by reducing the processing stress was not

possible due to the effect of annealing. The identical result was obtained for samples
that

were cured thermally prior
It

were

was

to

UV (figure 6.16).

additionally important to perform the

UV cured at 30°C. A

sample

that

was

same experiment on samples

ultravioletly cured at

30°C

that

prior to a

thermal cure was heated to 65 °C, held for 15 minutes and cooled to room temperature
(figure 6.17).

It

was observed

that the stress difference

due

smaller than observed earlier with samples that had been

same treatment was

carried out

other curing histories.

The

on samples

that

were

to annealing (2

UV cured at
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153°C

ultravioletiy cured at

results are presented in table 6.3.

MPa) was
.

This

30°C with

50
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80

Temperature (°C)

Figure

6.

samples

1

5;

Effect of sub-ambient temperature on the stress of photoresist

UV cured at temperatures of 220°C and

150°C. Samples were

(dosage: 4 J/cm^) prior to thermal cure (150°C for
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1

hour).

UV cured

40

Temperature (°C)

Figure 6.16: Effect of sub-ambient temperature on the stress of photoresist
samples UV cured at temperatures of 220°C and 150°C. Samples thermally cured

(150°C

for

1

hour) prior to

UV cure (dosage: 4 J/cm^).
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Figure

6. 17:

samples

Effect of sub-ambient temperature on the stress of photoresist

UV cured at a temperature of 30°C.

prior to thermal cure

(150°C

for

1

hour).
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Sample was

UV cured (dosage:

4 J/cm^)

Table

6.3:

Effect of heating samples

UV cured at 30°C above the glass transition

temperature (heat treatment: 65 °C for 15 minutes). Stress
determined from
vibrational holographic interferometry.

Prior to Heat Treatment

UV Cure Only
Thermal Cure Prior

From

this

Following Heat Treatment

0

to

UV

1.89

MPa

0.59

MPa

2.42

MPa

compilation of results, a general trend can be observed. Samples that were

UV cured above the glass transition temperature exhibit a stress increase due to
annealing; however, in samples

UV cured below the glass transition temperature

(thermally cured samples prior to a

annealing was small.
prior to a
is linear

The

stress-temperature behavior of a sample thermally cured

UV cure performed at 30°C is presented in figure 6.18.

as expected; however, the slope of the curve

the other samples tested (-0.53

may

UV cure at 30°C) the stress increase due to

MPa/°C

is

versus -0.34 MPa/°C).

glass transition temperature resulted in a material with a

The only reason

that

UV cure performed below the
much

higher coefficient of

Measuring the coefficient of thermal expansion of this sample

yields a value of 141 |j.m/m/°C, which

from samples cured with a
a

resulting trace

significantly higher than all

explain this unusually high slope would be that the

thermal expansion.

The

is

significantly higher than values obtained

UV cure temperature of 150°C (86 |im/m/°C).

UV cure at 30° results in a 64 %

Performing

increase in the coefficient of thermal expansion,

which would correspond very well with

the increase in slope observed

temperature behavior.
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from the

stress-
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Figure 6.18: Effect of sub-ambient temperature on the

stress

of photoresist

UV cured at a temperature of 30°C. Sample was thermally cured
(150°C for hour) prior to UV cure (dosage: 4 J/cm^).
samples

1
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40

Conclusions

The

effect of sub-ambient temperatures

on the

state

properties of photoresist coatings has been estabUshed.

of stress and mechanical

The use of a membrane

deflection technique has been used to measure the
stress as a function of sub-ambient

temperature.

The

slope of the linear stress-temperature behavior

was found

to

correlate well with linear elasticity.

The mechanical

properties as a function of sub-ambient temperature were
also

determined. This was accomplished using uniaxial tensile

environmental chamber.

It

was found

tests

that the ultimate strength

performed in an

was

insensitive to

decreasing temperature, while the modulus linearly increased from 3 to
5 GPa.
ultimate strain

temperature.

was

The

additionally found to steadily decrease with decreasing

The samples could be described

as increasing in brittleness as they

cooled.

The

relationship between a 2-dimensional stress, measured by a

deflection technique, and a uniaxial tensile stress

was determined.

It

membrane

was

experimentally determined that a direct correlation existed between the stress and the
ultimate strength. These results were compared with typical failure criterion, with

considerable success. The condition for failure for these coatings in a sub-ambient

temperature condition was described by the simple mathematical equivalency:

The approach
strength

for

comparing

was performed on samples

stresses resulting

that

were

from cooling

to the ultimate

UV cured at various temperatures.

As

expected, the stress during a sub-ambient cool steadily increased following a linear
elastic relationship.

It

was

additionally determined that annealing the samples above

167

the glass transition temperature, resulted in an
overall stress increase. After annealing
the stress-temperature behavior of the samples
were similar regardless of the

temperature.

The only

temperature.

Room

difference to this general trend

was samples

temperature cured samples exhibited a

much

UV cure

UV cured at room

smaller stress

increase upon annealing; however, resulted in a significantly
higher stress increase

upon cooling. This dramatic increase

was found

in stress

to

be a result a larger

coefficient of thermal expansion.
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CHAPTER?

A COMPARISON BETWEEN EQUILIBRIUM

COOLING AND THERMAL

SHOCK

Introductinn

A
lifetime.

printed wire board

Sudden changes

in

may

experience dramatic temperature changes
during

temperature are often times

its

fatal to the photoresist

coating with failure as the end result. In the previous
chapter, a discussion was

presented concerning the behavior of photoresist coatings
when subjected to sub-

ambient temperatures. Throughout the experiments

were slow; however,

this type

of

test

photoresist coating will experience.

may

in chapter 6, the

cooling rates

not be characteristic of the environment a

Many

of the temperature changes occurring

during the lifetime of a photoresist coating are rapid. In

fact, failure

predominantly occurs during a thermal shock

To

situation.

mechanical performance of a photoresist coating

it

will

of these coatings

fully characterize the

be important to establish the

behavior of the stress during a thermal shock.

One of the

standard tests performed on photoresist coatings industrially

military thermal shock test [1].

The

tests are typically carried out

material to a sudden increase in temperature

(e.g.

is

repeated for a given number of cycles.

performing

of

test is that

If a

by exposing a

low temperature

65°C). This process

it

if the

changes

(e.g., -

The motivation

for

simulates a worst case scenario for a coating.

temperature change occurs slowly, a stress analysis, as in chapter

be used; however,

a

125°C), holding this temperature for

a period of time (e.g., 15 minutes) and suddenly cooling to a

this type

is

6,

in temperature are rapid, or a thermal shock,

it

may
will

be shown that an additional factor
must be
illustrated that thermal

shock

is

talcen into account.

an extremely abusive way to

will also

It

be

a coating.

treat

Theory

A possible way to describe the relationship between

equilibrium cooling and

thermal shock can be illustrated by using the
incremental linear
previously presented.
stress as a function

When

a coating

is

elastic

approach

cooled slowly, maintaining equilibrium, the

of temperature can be described by the following
equation:

^''^"(^^[("c-aJdT]

where da^q

is

(7.1)

the change in stress during an equilibrium cool,

E

is

the modulus,

v

is

Poisson's ratio, and a^^s are the coefficients of thermal expansion for the
coating and
substrate, respectively.

The

validity of this equation regarding the photoresist

coatings in this investigation has been established

During a thermal shock, or a sudden drop
the substrate

is

much

in

many of the

earlier chapters.

in temperature, the

thermal mass of

greater than the coating; therefore, the coating will reach the

environmental temperature before the substrate. The

shock experiment will be due

to shrinkage of the

stress resulting

coadng as

if

it

is

from a thermal

on a substrate with

a zero thermal expansion. This can be described by rewriting equation (7.1):

dCTTs=^[MT]
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(8.2)

where dCjs

is

the change in stress during
a thermal shock.

thermal shock and equilibrium cooling

may

A cotnparison

between

be accomplished by applying a ratio
of

the stresses resulting from each type
of cooling. This ratio will be referred
to as a

thermal shock factor (/) for the purposes
of the chapter:

_

Using a thermal shock
thermal shock

may

<io.,s

factor, /, the difference

a,

between an equilibrium cool and

be established.

Experimental

The technique used

extensively to determine the effect of sub-ambient

temperature on the stress of coatings has been the membrane deflection
technique.

This technique has also been found to be very useful for the determination
of the

behavior of these coatings during a thermal shock. With the membrane deflection
technique arranged in an environmental chamber, stress as a function of sub-ambient

temperature was possible. The method used to suddenly cool or shock the samples

was

to flood the

sudden drop

The

chamber with

in temperature;

liquid nitrogen. This technique

however, temperature control was

in gaining a

difficult.

coefficient of thermal expansion of the coatings were measured using a

DuPont model 2940 thermal mechanical analyzer
0.1

was useful

in a

constant stress

MPa). Temperature scans were performed from 125

5°C/minutes.
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mode

(stress

was

to -65°C, at a heating rate of

Experimental Evidence n f Thermal Shnr l^

The

effect of thermal shock

was

first

observed when performing a membrane

deflection experiment while cooling to sub-ambient
temperatures (figure 7.1).
the sample

was cooled

attempt was
nitrogen.

made

When

to the

lower limit of the environmental chamber

to further cool the

liquid nitrogen

was introduced

in figure 7.1 that

to the

chamber, a deviation was

upon introduction of liquid

began to rapidly increase deviating from

To determine

if

an

sample by flooding the chamber with liquid

observed from the linear stress-temperature behavior predicted by
can be observed

(-65°),

When

linear elasticity.

It

nitrogen, the stress

linear elasticity.

the deviation from elasticity

was

reversible, another

experiment was performed. This time liquid nitrogen was introduced

at a

temperature

higher than the lower limit of the chamber (-50°C). Using liquid nitrogen, the

temperature was suddenly reduced to -65°C and held

expected value predicted by linear

elasticity.

When

temperature was slowly lowered. This experiment

observed that as the coating

and temperature are

linear;

is

until the stress

reduced to the

equilibrium was achieved, the

is

plotted in figure 7.2.

It

can be

slowly cooled to -50°C, the relationship between stress

however, when the material

is

shocked by introduction of

liquid nitrogen the stress dramatically increases deviating from linearity. Allowing

the coating to regain equilibrium, linearity as well as linear elasticity are once again

regained.

This deviation from linearity was attributed to the
with thermal shock. As the coating-substrate system

is

stress increase associated

suddenly cooled, the coating

quickly reaches the thermal shock temperature resulting in a

stress;

however, the

substrate exhibits a thermal lag resulting in lower thermal expansion and a higher
stress than

would be expected during an equilibrium

172

cool.

Allowing time for the
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V-t

o

substrate to reach equilibrium, the stress

similar to a sample cooled to the

would be expected

same temperature

described illustrate these two characteristics.
Thus,

shock

is

measurable using

this

membrane

slowly.

it

to reduce to a value

The two experiments just

can be concluded that thermal

deflection technique, as well as important
to

consider for the photoresist coatings under investigation.

With a

set

of experimental

results,

which appear

shock behavior, the validity of the thermal shock factor
is

to

(/)

be exhibiting a thermal
can be

tested.

Figure 7.3

a plot of the thermal shock factor as a function of temperature
for the data presented

in figure 7.

1

.

The thermal shock

factor

was determined by taking

experimental stress and the equilibrium cooled

from the

linear regression of the data

stress,

60°C. Using equation

(7.3), a predicted thermal

(also presented in figure 7.3).

It

taken as the stress predicted

from a temperature of 50

coefficient of thermal expansion for the coating

a ratio of the

to -60°C.

was determined

to

The

be 52 |im/m/°C

shock factor was calculated

to

be

at

-

1.3

can be observed that when liquid nitrogen was

introduced to the chamber, the thermal shock factor from the experimental results

approached the predicted thermal shock

factor.

Prediction of Thermal Shock as a Function of Temperature

Using a thermal mechanical analyzer
expansion

at

any temperature yields valuable

when experiencing
thermal expansion

to

determine the coefficient of thermal

insight into the behavior of a coating

a thermal shock at any temperature. Simply by
at

knowing the

any temperature, a general curve may be obtained

to predict the

stress increase associated with a thermal shock.

The dimensional change

as a function of temperature for a photoresist sample

was determined using a thermal mechanical analyzer over a range of -70
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to

70°C. The
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5?

cd

results are

shown

in figure 7.4.

The

coefficient of thermal expansion
at each

temperature was obtained by performing
a linear regression over a
temperature range

of ± 5°C.
is

A plot of the coefficient of thermal expansion, as a

function of temperature

presented in figure 7.5. The coefficient of
themial expansion of the coating ranged

from -50

to

100 nm/m/°C. With

this information,

thermal shock factor for any temperature

range (see figure

7.6).

and

utilizing equation (7.3), a

may be calculated over the same

The value of the thermal shock

Thus, the stress during a thermal shock will be 10

to

factor range

30%

expected during a slow or equilibrium cool. This increase
figure 7.7,

where a comparison

is

made between

experiment and the predicted values of
temperatures.
result in a

It

can be seen that the

maximum

stress

65°C without breaking

from -1.1

to 1.3.

higher than would be
in stress is Ulustrated in

a slow cooled stress-temperature

stress as a result

of a thermal shock to the same

stress during a thermal

of over 45 MPa. This

of the material. This would explain the

temperature

stress

shock to -65°C would

exceeds the ultimate strength

inability to carry out a thermal

shock

test to

-

the samples.

The importance of considering

the effects of thermal shock

is illustrated

by

noting the failure temperature associated with a slow cooled sample and the prediction

considering thermal shock (see figure

7.7).

The sample cooled slowly

equilibrium between the coating and substrate failed

at

a stress of 37

reached a temperature of -67°C. For the case of a thermal shock,
stress is

assumed, the

It is

maintain

MPa when

the

same

failure temperature is predicted to be -41°C. Thus, a

exposed to a thermal shock would
cooled slowly.

if

to

fail at

a temperature

it

failure

sample

26°C higher than a sample

observed that exposing a coating to a thermal shock reduces the

mechanical performance a great

deal.
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Conclusio n

In this chapter, a

comparison was made between a sudden
cool, or thermal

shock, and slow, or equilibrium cooling.

It

was found

that cooling a

resulted in higher stress than predicted for a slow
equilibrium cool.
stress

was

substrate.
in a lag

attributed to the difference in thermal

The

large thermal

mass of the

A

The

increase in

mass between the coating and the

substrate as

between thermal expansion. The difference

phenomenon was described using

sample suddenly

compared

to the coating results

in stress resulting

from

this

a thermal shock factor, /, defined by
equation (7.3).

thermal mechanical analyzer was used to determine
the coefficient of

thermal expansion over a range of -70 to 70°C. This information
was used to predict
the stress occurring from a thermal shock at any temperature.

made between

A comparison

was

the stress expected from a thermal shock experiment and a slow
cooled

stress-temperature experiment.
to a temperature

It

was found

of -65°C, the predicted

that

stress

when

a sample

was suddenly cooled

was over 45 MPa, which was well over

the ultimate strength of the coating. In order to obtain the

same magnitude of

during a slow cooled experiment, the temperature would have to be cooled to

stress

less than

-100°C.
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CHAPTERS

THE INFLUENCE OF SOLVENTS ON THE STATE
OF STRESS

Introduction

A photoresist must be designed to withstand exposure to various

processing

and environmental conditions. One such condition
which has not been discussed
the presence of solvents.

A

during processing and

lifetime.

its

processing, the photoresist

photoresist coating will be exposed to various
solvents

is

For example, during the developmental stage of

exposed

to an

aqueous

salt solution.

during the application of the coating, changes in humidity

Each of these

is

situations have in

common

may

Additionally,

also be a problem.

the presence of water or moisture.

effect of water (as well as other solvents the photoresist

may

The

be exposed) on the state

of stress will be the focus of this chapter.
It

has been found that swelling of a coating material will result in dimensional

changes causing a change
polyimide coatings

[1].

in stress. This effect has

The

effect of solvents

been well documented for

on the

state

photoresist coatings has not been documented; however,

chapter

1

it

of stress of polyacrylate
has been suggested in

that the swelling behavior of a poly methyl methacrylate with water is

similar to polyimide

[2].

Thus,

it

will be important to carry out a brief experimental

evaluation to determine the effect of solvents on the photoresist coating.

accomplish
to be

this task, the

most valuable.

membrane

To

deflection technique described earlier will prove

Membrane

Deflertion as

One advantage
determmed while
or

at least

the coating

reason the

medium

membrane

Tool

to

Mea.nre

......e

.fn....^ .

of the membrane deflection
technique

any movement

surrounding

,

is

submerged

in a solvent.

that is required can

^

,

is that stress

can be

Since the technique

is static,

be earned out slowly, the density of
the

should have no affect on the measured
stress value. For

this

deflection technique will be used to
determine the influence of

solvents on the state of stress of the photoresist
coating.

The experimental approach
of solvents
solvent

is

similar to standard

chamber was placed on

was a small

to

measure the

membrane

stress

of a coating in the presence

deflection experiments; however, a glass

the stage of the instrument.

The

solvent

circular dish with a diameter of 10 cm, and height
of

1

chamber used

cm. Membrane

type samples were prepared in the standard fashion by fastening
a steel washer to the
surface of the coating, and carefully removing the substrate
(details described in

chapter

2).

The sample could be placed

in the

chamber on three equally spaced

keeping the membrane off the bottom of the chamber (see figure
arrangement, the chamber could be

performed.

Membrane

into the probe.

The

filled

With

this

with solvent and stress measurements

deflection measurements were performed by raising the stage

stage

was ramped a distance of 50

|im, and the stress

determined from the slope of the resulting load-displacement

Water was

8.1).

lifts

trace.

the solvent of choice for this evaluation, since this

that a photoresist coating is

exposed

was

to most, both during processing

is

the solvent

and the

application of the device. For comparison isopropanol was also examined.
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Figure

8.

1

:

Schematic diagram of the apparatus used

function of swelling.
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to

measure

stress as a

The Innnencf nf <!»l.. ents nn

The

effect of water

in figure 8.2.

was

of stress of a photoresist coating

4 J/cm^).

It

1

stress

was determined

carried out for an additional

1

.5

hour) prior to an

decreased to a stress

over a period of 30 minutes. After, placing
the sample

for 10 minutes, the stress

is illustrated

can be observed that the stress
of this sample was

near 8 MPa. Adding water to the
chamber, the

free state

30°C

state

This photoresist was thermally
cured (150°C for

ultraviolet cure (dosage
initially

on the

K^.^.^

Ih^

to

in a

vacuum oven

at

be near 8 MPa. Continued drying

hours in a vacuum oven and the stress
remained

near 8 MPa.

These

results can be easily explained

water on the photoresist coating.
will swell.

The

the photoresist absorbs water, the material

increase in the overall volume of the sample would
result in a

reduction of the stress.

As

contracts due to the loss in
stress,

When

by considering the swelling effect of

the coating

volume

and the water removed, the coating

resulting in a stress increase.

following drying, returns to the

does not affect the molecular

is dried,

initial

The

fact that the

value suggests that swelling with water

structure. In other words, this

drop in stress

is

reversible.

The same experiment was performed on
cured (150°C for

1

hour) prior to an ultraviolet cure (dosage of 4 J/cm^). The results

are presented in figure 8.3.

minute period

a sample that had been thermally

Upon

introduction of water, the stress reduced over a 7

to a zero stress state.

to dimensional changes

due

Once

again, this reduction in stress

to swelling. After drying, the

6.95 ±0.3 MPa, which was identical to the

initial state

of

was

sample regained a

stress.

attributed

stress

Interestingly, the

time required to completely swell the photoresist coating cured thermally prior to

was 75

% faster than the sample ultravioletly cured prior to thermal.

186

of

UV

The difference

0

20

40

60

80

100

120

Time (minutes)

Figure 8.2: Effect of water on the stress of a photoresist
thermally (150°C for

1

hour) prior to

that has

UV (dosage: 4 J/cm^).
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been cured

12

Water Isopropanol

0

10

20

40

30

50

Swelling Time (minutes)

Figure

8.3:

Effect of swelling on the state of stress of a photoresist cured

with an ultraviolet cure (dosage: 4 J/cm^) prior
1

hour).

The

6.53 +/- 0.45

stresses after drying

MPa

were 6.95

(solvent: isopropanol).

to a

+/- 0.3

thermal cure (150°C for

MPa

(solvent: water)

and

in swelling rates is

that is

more

speculation

most

likely

due

to the crosslink density

of the coating.

A network

tightly crosslinked should
result in a slower swelling rate.
This
is

supported by the fourier transform
infrared spectroscopy results

obtained in chapter 5 (see figures 5.2 and

5.3).

It

was presented

UV cure

that at a

temperature of 220°C, the bands associated with
the carbon carbon double bond

1406 and 1634 cm'l), are more pronounced
ultraviolet versus the alternative cure order.

more

(i.e.,

for the cure sequence of thermal prior
to

These

results suggests the reaction is

efficient for the cure sequence of ultraviolet
prior to thermal.

Isopropanol was also used as a swelling agent for
the cure sequence of thermal
prior the ultraviolet (figure 8.3).

similar to water.
state;

effect of isopropanol

Over a period of 37 minutes,

however, upon drying

± 0. 18 MPa.

The

in a

vacuum oven

This stress increase was only 32

MPa. Increasing

1

state

of stress was

was reduced

to a stress free

day, the stress

was only 2.24

the coating
for over

on the

% of the original

stress

of

± 0.43

7. 11

the temperature to 105°C for 3 hours (the boiling point of

isopropanol: 83''C

[3]); the stress

returned to a value of 6.53

± 0.45 MPa,

or 92

% of

the original stress prior to swelling. There were only two predominant differences

between swelling the samples with water or isopropanol: swelling

rates,

and

conditions required to dry the coating. The time required for the coating to reach a
stress free state

was over 5 times longer

or the difference in swelling time,

is

for isopropanol than water.

most

likely

due

The

first effect,

to the difference in size

of the

solvent molecule. With isopropanol being larger than a water molecule the swelling
rate should be slower.

The second

difference between water and isopropanol

the condition to dry the coatings and regain the original stress state
different.

To completely dry

was

was

significantly

the coating that had been swollen with water, a

temperature of 30°C in a vacuum oven was used. To completely dry the coating

exposed

to isopropanol, the coating

was heated

189

to a temperature

that

above the boiling

point of isopropanol.

Once

again, this difference in drying
time and conditions

probably a result of molecular size of
the solvent used.

Conclusion

A membrane deflection technique was used to determine the effect of
on the

state

of stress of a coating. With

this

technique

it

was shown

swelling

that the

photoresist coatings could be swollen to a zero state of
stress with water and

isopropanol. Additionally,
stress

was

reversible, that

it

is,

was shown

that the effect of swelling

on the

state

of

drying the coating could be used to regain the same
stress

as the pre-swollen sample.
It

at

was

also

shown

that the only difference

between cure sequences was the

which the samples swelled. Photoresist coatings ultravioledy cured

rate

prior to thermal

cure swelled approximately 4 times slower than a thermal cure prior to ultraviolet.

was

also determined that the rate of swelling and drying of the coating

It

when using

isopropanol as the solvent was slower than water. This difference was attributed to
the size of the solvent molecules used.
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CHAPTER 9

CONCLUSIONS AND FUTURE WORK

Conclusions

The objective of this

dissertation

was two-fold. The

first

purpose was to

understand the effect of processing and environmental
variables on the

and mechanical properties leading

to

new and

state

of stress

novel routes to improve the

performance of photoresist coatings. Secondly,

this project

was designed

to act as a

guide in the ongoing work of chemical design for future
photoresists and
photosensitive materials.

An overview of the conclusions

presented illustrating the accomplishments regarding

determine

if

the investigator

met

of

this project will

future interest and usefulness by those

who may

however, to fully

this objective;

the above stated objective, one

be

must consider the

find this research project helpful in

designing and producing photosensitive coatings.

To

successfully complete a mechanical characterization of photoresist

coatings, various techniques must be compiled or designed. Past research targeted

toward understanding the mechanics of photoresist coatings has been limited

to

determination of the mechanical properties of the material. This project was designed
to explore further into the

techniques were not

mechanics of photosensitive coatings where standard

common. Many of the

techniques used in this project were

new

or had to be adapted to specific needs regarding photosensitive coatings. Standard

experimental techniques that were used in

this project

were: tensile

holographic interferometry (to determine stress and Poisson's

mechanical analysis

in a constant strain or constant stress

tests,

ratio),

mode

(to

vibrational

thermal

determine changes

in a uniaxial dimension or stress,
respectively), and impulse viscoelasticity
(to

determine an apparent equilibrium modulus).

A

great deal of information

was gained

using these techniques; however, other
experiments were developed to fully
characterize the photosensitive coatings.

membrane

Newly developed techniques included

a

deflection technique to determine the stress of
coatings at various

environmental conditions, and thermal mechanical analysis
adapted for studying

and

strain differences as a function of ultraviolet dosage.

stress

With a combination of these

techniques a complete characterization of the mechanical performance
was possible.

With

the experimental approach established, an overall characterization
of the

room temperature

stress

and mechanical properties were determined.

concluded that a polyacrylate photoresist
cure)

was

stress-free.

single cures, and 5-10

As

that

It

was

was only exposed and developed

curing was performed the stress increased to 1-3

(not

MPa for

MPa for dual cures.

Additionally, photoresist coatings processed with lithography only, had an

ultimate strength of 9

MPa.

It

was

also found that the strength of the photoresist

increased as the material cured: single cures had a strength of 20 MPa, and dual cures

40 MPa.

It

may

be concluded that the strength

ultraviolet cure. Additionally, the stress

in a coating

was determined

to

was a

result of thermal or

be a result of cure.

It

may

also be noted that the greatest stress increase occurred whenever an ultraviolet cure

was

used.

Since

it is

apparent that the curing stage

is

the critical step

when considering

the stress of a photoresist coating, an analysis of the effect of cure on stress

accomplished. Using

of cure on

stress

stress- temperature

was determined.

It

was

and

was

stress-ultraviolet experiments, the effect

established that the stress during cure, both

thermal and ultraviolet, was a result of thermal stresses occurring during the cooling
stage following cure. This stress

was found

to follow an incremental elastic
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relationship,

between

the coefficient of
thennal expansion,

modulus, and the

temperature change:

E

da coatmg =

From

equation

(9. 1), it

(l_y)^"(««ting)-a(substrate))dT.

can be observed that to reduce
the

(9.1)

stress,

one may

lower: modulus, coefficient of thermal
expansion, or in the case of ultraviolet
cure,
the temperature the material experiences
during cure.

An

experimental evaluation of

the effect of the ultraviolet cure temperature
on the residual stress

was

illustrated that

by decreasing the temperature during an

was performed.

It

ultraviolet cure, a

reduction in the final residual stress could be
obtained. This stress decrease was

shown

to

be predominandy due

to a reduction of the thermal stress that occurs

during

cooling of the sample.
It

was

also

above the glass

shown

that

when

the material

was maintained

transition temperature, the ultimate strength

at a

temperature

and modulus were not

dependent upon the cure temperature. However, performing a cure near or below
the
glass transition temperature resulted in a lowering of the ultimate strength.
This drop
in strength

was

attributed to a reduction in the extent of the crosslinking reaction.

Thus, the approach to lower the temperature during an ultraviolet cure to reduce the
residual stress

was successful as long

as the temperature

was maintained above the

glass transition temperature.

With an understanding of the

effect of processing

on the mechanical

performance, attention was turned to the effect of environmental parameters. One of
the

most harsh conditions

temperatures.

to

expose these coatings was low or sub-ambient

The membrane

deflection technique
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was carried out

to establish the

effect of decreasing the
temperature

of these photoresist coatings.

It

on the

was found

of stress and mechanical performance

state

that for all of the photoresist
coatings,

regardless of cure history, the
materials behaved similarly.

The

stress increased as a

function of temperature by -0.35
MPa/°C. The only difference between
curing

conditions was the case of a sample
that had been thermally cured
(150°C for

1

hour)

prior to an ultraviolet cure (dosage:
4 J/cm^) at a temperature of 30°C. This
sample

was cured below
0.53

the glass transition temperature,
and resulted in increase in stress of

MPa per degree dropped.

A

failure criterion

was

also established for these photoresist
coatings.

determined that the material followed a
equation for failure

may

maximum normal

was

stress failure criterion.

The

be described by the following equation,

^^Ulun^ate

where the

It

=CJ(T),

(9.2)

stress as function of temperature could be predicted

by incremental

elasticity described earlier (equation 9.1). This criterion
(equation 9.2) suggests that

whenever a 2-dimensional coating
will occur.

The

stress

exceeds a uniaxial tensile strength, failure

strength of the photoresist coatings were found to be insensitive to

sub-ambient temperature maintaining a value of -40 MPa.

These

The

results are valuable for those involved in designing photoresist coatings.

stress increase

one can allow

is

simply equal to the difference between the

ultimate strength and the residual stress. Increasing the strength or decreasing the
stress will result in an

improved coating.

It

must also be remembered

coating with this type of criterion alone leaves no
will incorporate a factor of safety into the

above
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room

for error.

criterion.

A

that designing a

successful design

It

was

realized that the above criterion

cooling taking place at a slow
is

cooled

may

be rapid. For

In

rate.

many

was based on experiments based on

applications, the rate at

this reason, photoresists are

which the coating

designed to be able to

withstand a thermal shock. The effect of thermal shock on the state of stress of the
photoresist coating

was

stress during a thermal

established.

shock was determined.

instant of the thermal shock

temperature.

The

Using the membrane deflection technique, the

is

was established

that the stress at the

higher than an equilibrium or slow cooled change in

difference in the stress due to thermal shock and slow cooling

described using a thermal shock factor,

y

^^thermal

The thermal shock

/, defined

cool

below:

^(coating) "^(substrate)

factor for the photoresist coatings in this study ranged

Thus, the stress

at the instant

was

^(coating)

shock

^^equilibrium

1.3.

It

of a thermal shock

is

10 to

30%

between

1.1-

higher than for a

slow cool. Stresses occurring from a thermal shock to -65 from 125°C are predicted
to

be greater than 45 MPa, exceeding the value allowed for the

developed

earlier.

This type of analysis predicts failure in the present coatings from a

thermal shock over the given temperature range.

shock in the

failure criterion

To

consider the effect of thermal

failure criterion of equation (9.3), the thermal

(combining equation

(9.2)

and

shock factor must be added

(9.3)):

W=f-cXT)

where o(T)
equation

is

is

This
determined during a slow cool or equilibrium experiment.

coating during a thermal
the condition for failure for this photoresist
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(9-4)

Once

shock.

again,

it is

important to note that for a reliable design criterion, a factor

of safety must be added.

The membrane

deflection technique

was useful

in determination of the effect

of swelling on the stress of the photoresist coating. The stress as a function of
swelling

was monitored.

approximately 7 MPa,

30 minutes.
of the

It

stress.

was

in

It

was found

that

submerging a sample, with a

stress

of

water will result in a complete reduction in stress over 10 to

also found that drying the sample resulted in a complete recovery

Using isopropanol as a swelling agent resulted

in the similar behavior,

except the time for complete swelling and drying was significantly longer.
It

has been shown that the mechanical performance of photoresist coatings

greatly affected

by processing conditions and environmental

variables.

It is

that this project yields a greater understanding of the effect of processing

environment on the

state

have been suggested
coating.

It

of stress and mechanical properties.

hoped

and

this project, rules

to give insight into the behavior of this polyacrylate photoresist

must also be remembered

on polyacrylate

From

is

that the

work

in this project has

been carried out

photoresists; however, the type of analysis is general and should not

be confined to a given material. Therefore, even though the magnitude of the

numbers may change,

many

the results and conclusion of this project should be universal to

photosensitive coatings.

Future

When
options

Work

one considers the possible routes for expanding

may come

to

mind. The

first

area that

may

this research, several

be of interest

is

examination of

other various photoresists. Various formulations of photoresist materials are presently
available commercially. This project has focused on developing a
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scheme for

characterizing the mechanical performance of a photoresist
coating, and the

techniques and analysis have been general and non-specific to any
material.
Utilization of this type of analysis on other types of photosensitive
materials

appear to be valuable. With the present characterizational scheme,

this

would

would

also be

a great place to examine the affect of specific formulation variables on mechanical

performance.

Another area

that is very important to photoresist coatings,

possible to examine in the present investigation,

board

is

decreased

in temperature, three possible events

increases, the coating-substrate system

due

may:

(i)

As

delamination.

is

may

and has not been

occur.

a printed wire

As

the stress

remain stable with no changes,

to the increase in stress (this is the focus of the presented dissertation),

the coating

may

pull

scheme presented

away from

the substrate or delaminate.

in this dissertation,

and

(ii) fail

(iii)

With the experimental

examination of delamination would be a

possible extension to the present work.

For an examination of delamination, half of the problem has already been
established.

The

other words,

when

driving force for delamination

is

the presence of residual stress. In

the residual stress increases to a critical value of the interfacial

tension, delamination occurs.

The

stress at various

environmental conditions has

already been established with the present work; however, rather than compare this
stress to the strength of the coating (the value of

fracture),

one would compare with the

which

is

important

when

interfacial tension or surface energy.

techniques are available to examine the interfacial properties of a coating.

interesting;

however, perhaps another

test that

Many

may be more

This technique

appropriate would be a method developed by Bauer (1988)

[1].

involved cutting a circular hole in a coating under tension.

From
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Various
of

These types of tests

these involve measuring the force required to pull off a coating.

may be qualitatively

considering

the stress in the

coating, partial debonding will usually occur. If one
circle, a,

and the radius of the debonded

knows

area, b, the surface

the radius of the original

may

energy

be calculated

by the following equation:

7=

where Oq
of

is

this sort

a^(l-v^)

2E

the residual stress,

may

be carried out

E

1

^^'^^

b^(l-v) + a^(l-v)J'

is

the modulus, and v

is

Poisson's ratio.

at various sub- ambient temperatures

the stress as a function of temperature.

With

this

approach,

it is

An

analysis

and compared to

conceivable that a

criterion describing delamination (analogous to a failure criterion) could be

established.

As

stated previously,

one of the objectives of

this research

was not only

to gain

an understanding of the mechanical performance of photoresist coatings, but also to
use that insight to develop ways to improve the coating.

It

swelling the coating will reduce the stress to a zero stress

advantageous,

Upon
value.

if

one could ensure

that the

has been shown that

state.

sample would stay

This would be

in a stress free state.

drying of a swollen sample, the stress increases to the original pre-swollen
It

would be

interesting to swell the coating after soldering with a reactive

substance, for example a photosensitive molecule such as tetra ethylene glycol
diacrylate

which

stress free state,

is

commercially available.

When

exposure to a small dosage of

the coating

ultraviolet light

is in

the swollen,

would

and

result in a

chemical reaction between the swelling agent and the molecular network of the
coating. This chemical anchoring

would ensure

that the swelling agent

evaporated; thus, maintaining a low or zero state of

stress.

A

stress free coating

be advantageous for many reasons, many of which have been discussed
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would not be

would

in this report.

As

the world

becomes more dependent upon

electrical devices, the

mechanical

requirements placed on photoresist coatings will become
more harsh. Coatings are
required to be stronger as well as more versatile, and
photoresist coatings are not

exempt from

this trend.

performance or

more important.

Therefore, the emphasis on understanding the mechanical

structural integrity of photoresist coatings will increasingly
It is

hoped

will be a helpful addition to

that the ideas

and concepts presented

become

in this dissertation

enhancing the present understanding of photoresist

coatings.
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